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ABSTRACT: As a highly appealing technology for hydrogen generation, water
electrolysis including oxygen evolution reaction (OER) at the anode and hydrogen
evolution reaction (HER) at the cathode largely depends on the availability of efficient
electrocatalysts. Accordingly, over the past years, much effort has been made to develop
various electrocatalysts with super performance and reduced cost. Among them,
Ruthenium (Ru)-based materials for OER and HER are very promising due to their
prominent catalytic activity, pH-universal application, and the cheapest price among
the precious metal family, etc. Herein, recent advances in this hot research field are
comprehensively reviewed. A general description about water splitting is presented to
understand the reaction mechanism and proposed scaling relations toward activities and
key stability issues for Ru-based materials are further given. Followed on, various Ru-
involving electrocatalysts are introduced and classified into different groups for
improving or optimizing electrocatalytic properties, with a special focus on several
significant bifunctional electrocatalysts along with a simulated water electrolyzer.
Finally, a perspective on the existing challenges and future progress of Ru-based
catalysts toward OER and HER is provided. The main aim here is to shed some light
on the design and construction of emerging catalysts for energy storage and conversion

technologies.
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1. INTRODUCTION

Energy saving and environmental protection are the two most urgent challenges on the
way to sustainable development in the 21° century.!* With fastly expanding energy
demand, worsening environmental pollution, and increasing concentration of CO> in
the atmosphere due to the immoderate utilization of fossil fuels, intensive research
activities are ongoing to better utilize available clean and renewable energy
sources/technologies with less environmental impact.”> ® Hydrogen (H), as an energy
carrier with zero-carbon content and the highest gravimetric energy density among the
available fuels, has been regard as the most promising alternative to fossil fuels.®’
However, at present, the industrial hydrogen production is still largely dependent on the
catalytic reforming route that converts water and natural gas into H> and carbon dioxide,
which not only promotes the fossil fuel consumption and CO; emissions but also results
in low purity of the obtained hydrogen products from the unstable conversion
efficiency.®° Electrochemical water splitting driven by renewable energy sources is a
highly appealing technology for pure hydrogen production in a more efficient and
sustainable manner.

Hydrogen and oxygen evolution reactions (HER and OER), respectively occurred
on the cathode and anode of a water electrolyzer, are two key half reactions in water
electrolysis, and the theoretically thermodynamic potential of 1.23 V is required for
water splitting.” '° However, the sluggish kinetics and thus the large overpotential
towards both OER and HER electrodes become main obstacles for the large-scale

implementation of water electrolysis for hydrogen production.!® Accordingly, efficient
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electrocatalysts are required to minimize the overpotentials and enhance water-splitting
efficiency. Nowadays, a variety of electrocatalysts were exploited and evaluated for
HER and OER, including noble-metal based materials, earth-abundant transition metals
oxide (hydroxides), chalcogenides, phosphides, nitrides and carbides, functional metal-
free carbon and various composites.” !> Extensive efforts have been made to develop
low-cost noble metal-free catalyst. These affordable OER and HER alternative
electrocatalysts demonstrate superior OER catalytic behavior in alkaline electrolyte,
whereas their good HER performance is usually obtained in acidic solution.!*!¢ The
different pH requirements of these catalysts limit their practical applications. For
comparison, noble metal catalysts are still the most active catalysts for both HER and
OER in a wide range of pH. For example, Pt/C is widely used as the HER benchmark
and IrO2/RuQO, is used as the OER benchmark.'® ' Thus, noble-metal based
electrocatalysts are still the most promising family for both OER and HER.
Ruthenium (Ru) belongs to the Pt-related noble metal family, yet its cost is only
4% of that for Pt.!” Simultaneously, Ru has the robust anti-corrosion ability, allowing
for use in electrolytes with a wide range of pH values.'® From the mid-nineteenth
century when Ru was first reported to present, Ru-based materials have emerged as the
appealing and famous catalysts for their efficient catalytic ability for various classical
reactions, such as OER, HER, oxygen reduction reaction (ORR), CO oxidation reaction,
and methane oxidation reaction, etc.'”?® As OER electrocatalysts, extensive research
articles on Ru-related materials have been reported continuously in the past several

decades, especially for RuO,.>!** When referring to HER, Ru-based electrocatalysts
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have been discovered as early as the 1970s.”> However, until recently, they gained
renewed attention owing to their Pt-like hydrogen bond strength (~ 65 kcal mol™).?6-3°
Therefore, considerable research efforts have been made to design the Ru-based
catalysts for HER or for overall water splitting with great success. As shown in Figure
1a, the number of publications increased significantly in the past 5 years. As a booming
field in the energy sector, lots of outstanding reviews about OER or HER have been
published, with a focus on non-noble metal catalysts such as nickel-, cobalt-,
manganese-, iron- and molybdenum-related materials®'** Nonetheless, the current
literature is lacking a comprehensive and systematical review on the Ru-based materials
as OER/HER electrocatalysts.

In this review, we focus on the recent progress about Ru-involving electrocatalysts
towards water splitting. First of all, the history of water splitting, the OER/HER reaction
mechanisms, the proposed scaling relations toward activities, and the key stability
issues for Ru-based materials are briefly introduced. Then, based on the recent advances
in this field, all Ru-based catalysts are classified into several categories in detail: Ru
metal, Ru oxides, Ru phosphides, sulfides, or selenides, and other Ru-related
compounds. Each large category is also divided into several sub-categories, which is
described in Figure 1b. For each part, we pay more attention to the emphatical
discussion on catalyst synthesis and design, working electrolytes, catalytic performance,
and activity/stability-enhancing strategies via representing typical examples. The

insight into the origin of super performance can provide guidance for the design of high-

performance electrocatalysts for water splitting. In addition, some improvised water
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electrolyzers with Ru-based electrocatalysts simultaneously for OER and HER are also
highlighted in this review. Lastly, the current scientific challenges and future directions
in such a rapidly flourishing field are briefly discussed. Such timely and comprehensive
review will attract more interests from specialists worldwide and present a fresh

impetus for subsequently more high-level studies.
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Figure 1. a) Roughly estimated numbers of publications during 2014-2018 from Web of Science,
which were obtained by searching the keywords of “ruthenium” and “oxygen evolution” (orange
columns), or “ruthenium” and “hydrogen evolution” (green columns). b) Diagrammatic illustration
for development of Ru-based electrocatalysts toward water splitting.

2. CHARACTERISTICS OF RU-INVOLVING CATALYSTS IN WATER
ELECTROLYSIS

2.1. Fundamentals of electrochemical of water splitting. The first research on
water electrolysis to generate hydrogen dated back to the early 1800s, yet the crude
techniques restricted its generalized use.®® Nowadays, with the quickly expanded
utilization of solar energy, wind energy, and other renewable sources, the
electrochemical water splitting technology has been vigorously promoted and
contributed to 4% of hydrogen production worldwide.3® The percentage of hydrogen
production from water electrolysis is expected to grow significantly in the coming

decades. This is due to the facts that water electrolysis can perform well in a wide range



of pH values with a rather simple overall reaction: HoO — H> (cathode) + 1/2 O> (anode)
and the rich renewable energy resources and abundant water reservoir, which
theoretically needs a minimum energy input of AG = 237.1 kJ mol* at a thermodynamic
potential of 1.23 V.1° However, to compete with the state-of-the-art hydrogen
production technology, such as steam reforming of coal and natural gas, the product
cost based on water electrolysis should be greatly reduced, which is highly dependent
on the electrode reactions (OER and HER). Significantly, the activity of the two
separate half reactions of OER and HER have a large dependence on the pH value of
media. To improve the reaction kinetics, the reaction mechanisms for OER and HER in
different solutions should be first understood, and extensive research activities have
been conducted to understand the reactions over both electrodes of water electrolyzer
and the proposed mechanisms are given as follows.

2.1.1. OER mechanism. To realize OER over the electrode, four electrons need to
be transferred for per oxygen molecule generation. The electron transfer may be
performed in multiple steps. Thus, the OER process is generally believed a complicated
multi-step four-electron oxidation process. The theoretical thermodynamic voltage for
OER is 1.23 V.*73% Owing to the difficulty in detecting intermediates, multifarious OER
mechanisms have been proposed. Here, we pick up the most classical and widely
accepted one as an example, which was divided into four steps, as shown below.3”-3% 40
In acidic media:

Step 1: *+ H,0 — "'OH+H" + ¢

Step2: 'OH — "O+H' + ¢


file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_37
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_37
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_38

Step 3: 'O + H,0 — "OOH + H' + &

Step 4: "'OOH —» O, +H" + ¢

In alkaline or neutral media:

Step 1: OH" — "OH + ¢

Step 2: 'OH+OH — "0+ H,0 + ¢

Step 3: "0+ OH — "OOH + ¢’

Step 4: "OOH + OH" — O, + H,0 + ¢

In which * suggests the active sites of the electrocatalyst. For the four-step process,

there are three reaction intermediates (‘OH, O, *OOH), representing the adsorbed

oxygen-related species on the surface of catalysts. Typically, under electrochemical

oxidation condition, the oxidation of water/hydroxyl ions was initiated to form “OH,

followed by deprotonation and further oxidation to generate these intermediates of "O

and "OOH, and ultimately O products. In acidic electrolytes, water molecules serve as

the oxygen source, while in neutral or alkaline solutions, oxygen is from hydroxyl ions.
2.1.2. HER mechanism. In the HER process, when releasing one Hz molecule, only

two electrons are transferred. An ideal catalyst requires a theoretical thermodynamic

voltage of 0 V to drive HER.** Therefore, compared with OER, HER is relatively easy

to occur and is a two-step two-electron process, as expressed in the following

equations.*>#?

Step 1: H" + & — Hags (under acidic condition) / H2O + e — Hags + OH™ (under alkaline

condition) (Volmer, ~120 mV dec™!)

Step 2: H,O + Hags + € — Hz + OH™ (under acidic condition) / H" + Hags + € — H»



(under alkaline condition) (Heyrovsky, ~40 mV dec™)
OR  Hugs + Hags — Ha (Tafel, ~30 mV dec™)

According to the above-mentioned steps, the adsorbed hydrogen intermediate, Hags,
is first produced, denoted as Volmer step. Under the acidic condition, hydrogen ions
(protons) directly combine with an electron and then are chemically adsorbed on the
surface of the electrocatalysts, forming Hags, whereas in alkaline solutions, the hydrogen
ions are from the cleaved water molecules. Thus, in general, HER is easier to perform
in acidic solutions than in alkaline solutions. The second step is the production of
hydrogen molecules, which involves two different routes. One is that one proton can
combine with a Hags species formed through the first step to give an H> molecule, which
is called as Heyrovsky step. The other is that two as-formed neighboring Hags species
are directly combined, named as Tafel step. Numerous previous works have revealed
that the Tafel slopes can determine HER reaction mechanism, mainly including Volmer-
Heyrovsky or Volmer-Tafel mechanism.?’-2% 4!

Figure 2 describes the representative polarization curves of OER (right) /HER
(left) for an individual electrocatalyst based on a standard three-electrode system. Albeit
the two reactions are contrary (one is regarded as water oxidation, OER; the other is
considered as water reduction, HER.), their polarization curves show very similar shape
corresponding to several analogous essential evaluation parameters to unravel catalytic
behavior. Onset potential (Eonset), @ potential value obtained at 10 pA cm?, indicates the

occurrence of OER/HER. The extra potential value above the equilibrium potential

(1.23 V for OER and 0 V for HER), named as overpotential, 1), is generally applied to



account for the potential loss in the OER/HER process.*’ Considering a relevance to
solar-to-fuels conversion, the overpotential needed to reach a current density of 10 mA
cm? is more usually used.' Smaller absolute values of Eonset and 1 represent better
electrocatalytic activity. As can be seen in the insert of Figure 2, the replotted curve as
overpotential (1) versus the logarithm of the current density (log [j|) is derived from
OER/HER polarization curves, and the slope value of linear portions is the Tafel value
(a). Besides, the attained current density at the n = 0 revealed intrinsic activity, which
is called as exchange current density (jo). Except for several above parameters,
Turnover frequency (TOF), quantifying the specific activity at a catalytic active site,
and Faradaic efficiency (FE), reflecting the efficiency of electron transfer, are also used
to assess the catalytic properties. However, TOF is strongly associated with the catalyst
structure that is difficult to obtain. Thus, TOF is not too often used currently. For the
measurement of FE during the OER or HER process, both experimentally quantified
gas amount (ne) and theoretically calculated gas amounts (n;) are needed, and the ratio
of them is the FE value (FE = n¢/n;). The actual gas amount can be detected by the gas
chromatography in gastight electrochemical cells. Meanwhile, the theoretical gas
production can be calculated by integrating the galvanostatic or potentiostatic
electrolysis plot. Additionally, electrochemical impedance spectrum (EIS) analysis is
also carried out to probe the interface charge-transfer process of the electrode (charge
transfer resistance, R¢) and reveal the electrochemical active surface area through the
capacitance (ECSA). An ideal OER/HER catalyst should deliver the small a, Rc, high

Jjo, ECSA, TOF, and FE. Last but not least, stability has served as a vitally important



criterion to evaluate the practicability. Two conventional testing methods were
commonly used: one is the accelerated measurement based on cyclic voltammetry and
the other is the chronoamperometry or chronopotentiometry route. Besides them, there
are some new methods, such as a flow cell (FC) directly linked to an inductively
coupled plasma mass spectrometer (ICP-MS), named as FC-ICP-MS, and differential
electrochemical mass spectrometry (DEMS).**¢ By using FC-ICP-MS, the metal
dissolution amounts can be real-timely recorded in parallel to the electrochemical
measurement.** DEMS could be employed to identify and quantify the products or
intermediates during the reaction process. Because the electrochemical currents can be
simultaneously observed with the mass spectrometer ion currents, the prominent
features in an electrochemical measurement can be revealed by the product analysis.*>
46 By measuring EIS before and after the electrochemical reaction, the change of active
electrode area can be analyzed through capacitance changes, so as to reveal the stability.

It is more expected for a good catalyst to perform for a long time.
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Figure 2. Representative polarization curves of OER (right) /HER (left). Insert is the Tafel plot
obtained from the corresponding polarization curve.

2.2. Classical “Volcano”-shaped curves for revealing OER and HER activity.

Several pioneering works developed some scaling relations to reveal OER or HER



activities, in which “Volcano”-shaped plots offer a straightforward method to compare
and visualize the electrocatalytic behavior of various materials, so as to guide the
fabrication and design of catalysts.** 4> 43-47- 48 Various catalytic systems depends on
different parts of these OER or HER volcanos.

In the OER process, all mechanism steps are thermodynamically uphill. Thus, the
potential-determining step should be one with the highest energy barrier.** According
to many reports on numerous metal oxides, the difference of binding free energy
between *OH and *OOH (AG+0-AG+on) is large, 3.2 + 0.2 eV.*? Accordingly, it is
strongly associated with the oxygen-evolving kinetics of an electrocatalyst. Superior
OER catalysts should possess a moderate bonding to the O-related reaction
intermediates, suggesting that too strong or too weak binding energy is not good for
OER. Using the negative theoretical overpotential of numerous metal oxides against
the binding free energy of AG=0-AG=on obtained from first-principle calculation,
Rossmeisl and his co-worker found a scaling relation with the “volcano” model that
could disclose the OER activities of various metal oxides, as captured in Figure 3a.*
Among them, RuO; theoretically turn out to be the most active toward OER, owing to
the closest to optimal bonding force to oxygen species. However, it was difficult to
quantitatively compare the theoretical data with different experimental values, as the
potential was affected by many factors, such as pH, crystallinity, morphology, particle
size, etc.** For example, a slight discrepancy could be observed in the case of Co30a.
Density functional theory (DFT) results displayed that the OER activities of RuO» and

Co0304 were very close, while many experimental studies showed Co3O4 had a higher
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overpotential than RuO: by above 0.2 V.*>°° Of course, a low OER overpotential for
Co304 with a controlled microstructure can also be found in many previous reports.>*
51 Therefore, the theoretical values may be of big significance to reveal the optimal
activity of an oxide electrocatalyst.

As well acknowledged, the electronic structures of catalysts have a great influence
on HER catalytic activity. In 1972, Trasatti et al first captured the experimental data
and proposed a theoretical volcano curve by plotting the HER exchange current
densities of different metals versus the metal-hydrogen (M-H) bond energy.*": 48 52
According to Figure 3b, it was found that Pt, Rh, and Ir most near the peak of the
volcano with a M—H bond strength of about 65 kcal mol™ ranked in the best HER
electrocatalysts corroborated by experiments.?” Though Ru was absent in this volcano
diagram, with a similar bond strength to the most active HER catalysts (~ 65 kcal mol
1, it was highly expected to deliver excellent HER activities. More significantly, in
recent years, the outstanding HER performance for Ru also have been uncovered by
plentiful reports.?62° In this volcano curve, the ascending branch is quite convincing,
while the descending branch is questionable due to the oxide-covered metals that were
not known at that time. Actually, the appearance of an oxide film would make the
reaction rate sluggish by several orders of magnitude.® Later, Ngrskov’s group first
used adsorption free energies by DFT to construct a modern volcano plot and thus
provided a more reliable and larger set of energies.>® Yet, it still includes these oxide-
covered metals. Based on this work, Schmickler’s group further studied the modern

volcano plot by adding a few sp metals and discarding these metals covered by oxide


file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_42
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_43
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_27

film, as shown in Figure 3c and d.> When comparing it to the Trasatti’s volcano curve,
not only an overall similarity was observed for them, once the oxide-covered metals
were deleted from the latter, but also a few significant deviations were found due to
new experimental values and difference between hydride formation energies and
hydrogen adsorption energies. In all these plots, noble metals like Pt, Ir, Pd, etc. always
located the top site, suggesting the optimal activity.

2.3. Key issues of Ru-based materials on stability. Regardless of high activity,
Ru-based materials suffered from a severe stability issue, particularly in the OER
electrocatalytic process. As a benchmark for oxygen-evolution reaction, RuO; is
extremely unstable due to dissolution from the excessive oxidation at a high
overpotential of above 1.4 V during the OER process.’* The specific reaction can be
observed as follow: RuO, + 2H,0O — RuOs (aq) + 4H" + 4e (U°=1.39 V vs RHE).>® As
for metallic Ru, it is somewhat better than RuO, in OER activity, but considering the
important cathodic corrosion, it suffered from several orders of magnitude higher
dissolution rate than the respective oxides.’®>’ Paoli et al., by employing SEM images,
ICP analysis, and electrochemical detection of RuO4, demonstrated that 90% of metallic
Ru was corroded from catalysts electrode through 15 min of continuous electrolysis at
1.5 V vs RHE while for the corresponding oxide this dissolved amount was 30% in a
15-h measurement.** Frydendal et al. revealed the dissolution rate of RuO> seems to be
relatively constant based on an electrochemical quartz crystal microbalance (EQCM).*
An analogous result in an Au electrode was also subsequently attained®” and thus these

are possibly associated with the known parallelism between OER and dissolution®.
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Besides, a detailed comparative study on the activity and stability of Ru, RuO», Ir, and
IrO; in both acidic and alkaline media was carried out by Mayrhofer’s group.’’ The
OER activities follow the trends of IrO; < RuO; = Ir < Ru, whereas dissolution
decreases as Ru >> Ir > RuO, >> IrO; (Figure 3¢ and f) in both electrolytes. It is
noteworthy that the dissolution rate of these pure metals is nearly 2-3 orders of
magnitude larger over their corresponding oxides, and the corrosion in the base is more
intense than in acid. Apart from OER catalytic behavior, their respective HER
performance was also detected, with a metallic electrode having more excellent activity.
For durability, the dissolution of RuO> and IrO; is negligible. For the corresponding
metallic counterpart, the dissolution is significantly obvious owing to the reduction of
native oxides (Figure 3g and h), yet which is still greatly lower than that in the OER
process. Therefore, metal Ru is both active and relatively stable for HER rather than
OER. To strengthen the OER stability of RuO> and Ru, a wide range of approaches
were applied, resulting in novel Ru-based materials, as described below.

2.4. Mechanism studies based on single crystals or thin films model electrodes.
The reaction mechanisms and active sites in catalyzing oxidation or reduction of small
molecules could be well investigated with the utilization of model electrodes. Notably,
to eliminate other distractions, most of the previously mentioned models were
established based on single crystals or thin films.?? 6" Density functional theory
(DFT)-based atomistic modeling is one of the most studied models, which can depict

various chemical reactions in detail by their elementary reaction steps.®
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The deep insights in the surface atomic-scale structures and catalytic reactivity of
rutile RuO; mainly come from the DFT study. A single-crystalline RuO; (110) electrode
has been widely reported as an appropriate model system for studying the catalytic
processes, due to the thermodynamically most stable property.® It exposes two different
Ru sites, as depicted in Figure 3i: One is a coordinatively unsaturated site uncapped by
oxygen, which is bound to five O atoms, named as Rucus, and the other is a bridge site,
which is coordinated to six O atoms, denoted as Rugr1.?* ©*%-%? According to DFT study,
Ertl and his coworkers confirmed that the Rucus site shows a type of dangling bond on
the model surface,> which helps to bind to O-related species (Figure 37),%* % thus
explaining Rucus site as the active site to catalyze oxidation/reduction of small
molecules.?” 7 Sun et al. theoretically studied the interactions between water and
single-crystalline RuO, (110) surfaces. They found one hydroxyl group per unit cell
was formed on either the bridge (OHgri/Ocus) or coordinatively unsaturated
(OBri/OHcus) Ru site under water vapor-poor conditions, while towards higher
pressures of water vapor, either a waterlike species was chemisorbed on coordinatively
unsaturated Ru (Ogri/H20cus) or two hydroxyl groups were generated at both Rcus and
Ruggri sites (OHpri/OHcus).%®

Although such information didn’t directly refer to the OER process, they provided
effective guidance to disclose the configuration of the active sites and the OER
mechanism. In the conventional OER mechanism for RuO; (110), it involves four steps,
concertedly transferring four protons and electrons on the Rucus site, along with the

generation of "OH, "0, and "OOH intermediates.??** The formation of -OOH from -O



is regarded as the rate-limiting step.?”** Later, Rao and co-workers combined DFT
calculations and surface X-ray scattering measurements. They further identified the
surface structure change on RuO2(110) as a function of potential via using single
crystals, so as to propose a new pathway, where the deprotonation of the “OH group on
the Rucus or Ruprr used to stabilize OO on the Rucus sites was found to be rate-
limiting.?? Stephens’s group systematically explored OER reaction chemistry at RuO-
thin film electrodes with three different orientations of (111), (101), and (001), and a
single-crystal RuO> (110) electrode by using DFT studies and experimental routes.®’
The Rucus at the (110) and (101) surface can form five Ru-O bonds to the rest of the
structure, generating one surface active site toward OER, while the Rucus atom at the
(001) and (111) facet is only linked by four Ru-O bonds, offering two empty sites.
According to theoretical calculations, the number of Rucus-O bonds per square
nanometer was increased with the trend of (110) < (111) < (101) < (001), which is
consistent with experimentally estimated activity over 2h. In addition to some detailed
investigations on OER catalytic process, RuO, single crystals or thin films electrodes
were also employed as a model system to catalyze other reactions, such as CO oxidation,
Cl> evolution, NH3 oxidation, methanol oxidation, etc.®® 3 6% Exner et al. have
studied a full kinetics of Cl, evolution at a RuO> (110) model electrode using DFT,
which started from the stable reaction surface of RuO2(110)-(10Hbr1Obr+200t), and
then computed the kinetics energy barriers.®> On basis of the energy profiles, they found
that Volmer-Heyrovsky mechanism is the most favorable, which involves adsorption

and discharge of a chloride anion (CI") on the on-top oxygen site (Oot, capping all Rucus)



to form Ou-Cl species, named as Volmer step, and subsequently the direct
recombination of the Ou-Cl species and CI™ from electrolytes and Clz release, denoted
as Heyrovsky step. Over’s group, based on DFT calculation, investigated the reaction
mechanism of NH3 oxidation, as shown in Figure 3k, which includes successive
dehydrogenation of adsorbed NH3 by co-adsorbed oxygen and the final recombination
of adsorbed N and O to produce adsorbed NO that is released at higher temperatures.
Among them, the desorption of NO was considered as a rate-determining step.®
Notably, much efforts have been devoted to Ru-based single crystals and thin films,
but it is still largely under-represented relative to polycrystalline nanomaterials.
Therefore, more efforts are required in this aspect of the development of Ru-based

catalysts.
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Figure 3. “Volcano”-shaped relationships a) between OER activity and binding energy of AG+o-
AG+on in some metal oxides, or b) based on HER activity and M-H bond energy for several metal
elements, or ¢, d) between HER activity and adsorption energies of several metal elements in acidic
media (c) and alkaline media (d). a) Reproduced with permission.[**! Copyright 2011, Wiley-VCH.
b) Reproduced with permission.!*8! Copyright 2010, American Chemical Society. ¢, d) Reproduced
with permission.®?! Copyright 2014, Beilstein. e, f) Comparison of dissolved metal amount for Ru,
Ir, RuO; and IrO» samples in different electrolytes of 0.1 M H>SO4 (e) and 0.05 M NaOH (f) during
the OER process. g, h) Comparison of dissolved metal amount for Ru and Ir samples in different
electrolytes of 0.1 M H>SO4 (g) and 0.05 M NaOH (h) during HER process. Reproduced with
permission.’”! Copyright 2016, Elsevier. i, j) Ball-stick model of the clean RuO»(110) surface (i)



and oxygen-adsorbed RuO»(110) surface (j). Big and small balls indicated the O and Ru atoms,
respectively. Oy and O3r represent the bridge-bonded and 3-fold (bulk-coordinated) surface
oxygen atoms, respectively. O refers to on-top adsorbed O atoms. (k) Illustration of the
microscopic mechanism reaction steps for the NH3 oxidation over RuO» (110) surface. Reproduced
with permission.!®’ Copyright 2009, Elsevier.

3. RECENT ADVANCES IN RU-BASED ELECTROCATALYSTS TOWARDS
WATER SPLITTING
Currently, Ru-related materials including Ru metal, Ru oxides, Ru phosphides, sulfides,
or selenides, and other Ru-related compounds have been widely explored as OER/HER
electrocatalysts. This section summarizes some recent advances of Ru-related materials
and further discusses them with more detailed classifications. In order to make a more
comprehensive understanding and comparison among these Ru-based samples as
OER/HER catalysts, Table 1 and 2 list the obtained OER and HER performance

evaluation parameters, respectively.

Table 1 Summary of representative Ru-based electrocatalysts toward OER.

Materials Electrolytes Loading Overpotential (mV) at  Tafel slope Stability (V or Reference
(mgem?) 10 mA cm? (mV dec™) mA cm@h)
RuO, nanosheet 0.5 M H,SO4  0.102 260@ 10 mA mg™> 54 Not given [20]
RueoCo40/RusoCoso 0.1 M HCIO4 0.03 200 mA/mgg, at Not given Not given [97]
mggy cm™ 1.48V
Co-Rulr 0.1 M HCIO4 0.051 235 66.9 10 mA cm™ @ [101]
25h
Pt@Rucuboctahedral 0.1 M HCIO4 0.015 1.31 Vvs. NHE @ Not given Initial 10 mA [105]
onset potential cm?@ ~2.78 h
Pd-Ru core-shell (0.5 0.1 M HCIO; 0.0127 230 Not given Not given [106]
nm shell) mggy cm™
Pd-Ru branched NPs 0.1 M HCIO4  0.408 225 61 1.48 V@ 2h [107]
Au-Ru branched NPs 0.1 M HCIO4  0.408 220 62 Not given [108]
Ru@IrOx 0.05M 0.051 282 69.1 1.55 V@ 24h [24]
H,S04
Ru,Ni; SNs 0.1 M KOH 0.1 357 Not given Not given [124]
1 M KOH ~310 Not given Not given




S-400-H 1 M KOH 0.285 204 56 1.456 V@ [125]
~5.56h
RuO@C@SiO> 3 M H2S04 Not given 270-280 Not given 10 mA cm? @ [155]
100 h
RuO; NR 1 M NaOH 0.357 278 78.3 Not given [150]
Amorphous RuO; 0.1 M HCIO4 Not given 1.1 Vvs Ag/AgCl 30 Not given [158]
@onset potential
crystalline RuO, 1 M KOH 0.52 230 Notgiven 10mAcm?@  [167]
24 h
IrO2-RuO>@Ru (3:1) 0.5 M H2SO4  0.379 281 53.1 1.6 V@ 2h [193]
Co-doped RuO» 0.5 M H2SOs4  Not given 200 Not given Not given [28]
NWs
1 M KOH Not given 304 Not given Not given
Cu-doped RuO> (S-  0.5M H,SO4  0.275 188 43.96 10mAcm? @8 [210]
300) h
Cro.6Ru0.402 (550) 0.5M H2SO4  0.283 178 58 10 mA cm™ @ [211]
10 h
1D-RuO,-CNy 0.5 M HxSO4 0.214 250 52 1.57 V@ 50h [14]
0.5M KOH 260 56 1.6 V@ 23h
0.1 M PBS 356 160 1.6 V@ 7h
RuO»/N-C 1 M KOH 0.306 280 56 1.5V@ 18h [233]
Y2Ru207 0.1 M HCIO4 0.051 190 @ onset potential 55 1 mA cmoyide™ [237]
@8h
Y2[Ru16Y04]O7-¢ 0.1 M HCIOs 0.051 180 @ onset potential 37 Not given [238]
Y1.85Zn¢.15Ru207-5 0.5M H,SO4  0.204 291 36.9 ImAcm? @8  [239]
h
[STO]:[SRO]; 0.1 M KOH Not given 360@ 2 pA cm™ Not given 1.87 V@ 24h [244]
Ruthenate nanosheets 0.1 M HCIO4 0.2 255 38 10mAcm? @6 [247]
h
NiFeRu-LDH 1 M KOH Not given 225 324 10 mA cm™ @ [262]
10h
Niz1.25Rug.75P 1 M KOH 0.284 340 Not given 1.57mAcm? @ [264]
20h
Table 2 Summary of representative Ru-based electrocatalysts toward HER.
Materials Electrolytes  Loading Overpotential (mV) at ~ Tafel slope Stability (V or mA Reference
(mg cm™) 10 mA cm™ (mV dec™) cm?@h)
Ru/C3N4/C 0.IMKOH 0.204 79 Not given -0.05V@50h [17]
4H/fcc Ru NTs 1 M KOH 0.034 23 29.4 Not given [26]
hep-Ru@NC 0.5 M H,SO4  0.280 27.5 37 -0.0275V@ ~5.56h [19]
RuND/C 1 M KOH 0.177 43.4 49 -0.05V@2.5h [75]
Ru nanosheet 0.5 M H,SO4  0.102 20 @ 10 mA mg? 46 Not given [20]
PtRu@RFCS-6h 0.5 M H,SOs 0.354 19.7 27.2 -10 mA cm*@48h [13]
RuCo@NC (S-4) 1M KOH 0.275 28 31 Not given [90]




NiRu@N-C (S-2)
Co-substituted
Ru

Mo@Ru-3
Pd@Ru NRs
Ru@Pt
Ru-MoO; (S-2)
Cu2xS@Ru NPs
Ni@NiP-Ru
Ru/MoS,/CP
RU.2Ni2 SNs
S-400-H

Ru-HPC

Ru@GnP

Ru@NG-4

Ru@CN-0.16

Ru@C,N

Ru-NC-700

hydrous RuO»

Iro.80Ru0.200y

Ni-doped RuO;
NWs

0.5 M H,SOq4
1 M KOH
1 M KOH

0.5 M H2S04
1 M KOH
0.5 M H2S04
0.5 M H2S04
0.5 M H2S04
1 M KOH
0.5 M PBS
1 M KOH
0.5 M H2S04
0.5 M H2S04
1 M KOH

1 M KOH
0.1 M KOH
1 M KOH
1 M KOH
1 M KOH

0.5 M H2S04
1 M KOH

0.5 M H2S04

1 M KOH
1 M H2SO4
1 M KOH

0.5 M H2S04
1 M PBS

1 M KOH
0.5 M H2S04
0.1 M KOH
1M KOH
0.5 M H2S04
1M KOH

1 M NaOH

0.5 M H>S04

1 M KOH

0.273

0.153

0.275
0.255

0.204

0.285

0.23

0.283

0.285

0.2

0.25

0.75

0.857

Not given

0.285

0.2

0.52

Not given

Not given

Not given

50
32
13

30.5
30
37
Not given
55
29
~100
82
129
51
Not given

13
393
40
28
22.7 @ 25 mA cm™

61.6
22

13

40
60
32

~126
~100
17
13.5
47
12
29
60
<50 mV

78

52

36
64
29

36.4
30
33

~30
44
31

Not given
48
51
35
41

60
25
23.4
35
33.9

66.8
28

30

76
41
53

Not given
Not given
38
30
14
Not given
28
Not given
31.5

Not given

Not given

-10 mA cm™@10h
-10 mA cm?@10h
-10 mA cm™@20h

-0.0305 V@10h
-0.031 V@12h
Not given

Not given
-0.08V@12h
Not given

Not given
-0.05V@12h
Not given

-10 mA cm?@6.25h

-10 mA cm”? @
~11.1h
-0.015V@12h

Not given

Not given
-0.036V@~11.1h
Initial 5 -mA cm™
@10h

Not given

Initial -15 mA cm™
@30h

Initial -15 mA cm™
@30h

-0.1V@10h

Not given

Initial -12 mA cm™
@45h

Not given

Not given

Not given

Not given

Not given

Not given

Not given

-10mAcm? @24 h
-10 mA cm™? @ ~2.78

h

Not given

Not given

[91]

[94]

[92]
[103]

[104]

[110]

[111]

[112]

[120]

[124]

[125]

[137]

[140]

[139]

[135]

(27]

[144]

[167]

[200]

(28]




1D-RuO,-CNy 0.5 M H,SO4 0.214 93 40 -0.15 V@ 70h [14]
0.5 M KOH 95 70 -0.1 V@ 10h
0.1 M PBS 356 135 -0.4 V@ 10h
RuO»/N-C 1 M KOH 0.306 40 44 -0.04 V@ 20h [233]
SroRuO4 1 M KOH 0.232 61 51 -10mAcm? @ 10 h [29]
RuP,@NPC 0.5MHSO4 1 38 38 -0.038 V@ 11h [251]
1 M KOH 52 69 -0.052 V@ 10h
1 M PBS 57 87 -0.057 V@ 10h
RuP (L-RP) 1 M KOH 0.093 18 34 -10 mA cm™ @ 200 h [30]
0.5 M H,S04 19 37 -10 mA cm™ @ 200 h
1 M PBS 95 54 -10 mA cm™ @ 200 h
$-RuS,/S-rGO 1 M KOH 0.464 25 29 -10 mA cm™ @ 100 h [260]
0.5 M H2S04 69 64 Not given
1 M PBS 93 41 Not given
NiFeRu-LDH 1 M KOH Not given 29 31 -10mAcm? @ 10h [262]
3.1. Ru metal

3.1.1. Phase and morphological control. Crystallized Ru metal is highly active for
HER, which typically consists of two crystalline structures, either a hexagonal close
packed (hcp) or an unusual face-centered cubic (fcc) structure.!” 77! Identifying which
is a more active phase toward HER not only provides effective guidance to develop and
design excellent HER catalysts but also is helpful to unravel the catalytic mechanism.
Zheng et al presented an interesting finding of anomalous fcc Ru lattice structure
(Figure 4a) as a super HER electrocatalyst.!” In the preparation route, a certain amount
of dicyandiamide solid powder was uniformly dispersed in RuCl; aqueous solution.
After being dried by employing a rotary evaporator and a freeze-dryer, the collected
solid was further annealed at 600 °C for 1 h under argon atmosphere to obtain the
resultant Ru-graphitic carbon nitride complex supported on carbon (Ru/C3N4/C). Of
note, due to the existence of Ru catalyst, most of the dicyandiamide precursor did not

follow the rational reaction path of polycondensation to achieve the periodic g-C3N4
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matrix but was converted to nitrogen-doped carbon. More importantly, with the aid of
g-C3Ny as support, the growth of the anomalous fcc Ru lattice structure was induced.
The as-synthesized Ru sample with unusual fcc structure displayed the superior HER
activity than that of Ru/C control sample with only a sole hcp phase in both alkaline
and acidic electrolytes (Figure 4b). Moreover, it performed 2.5-folds higher HER rates
than that of Pt in the alkaline aqueous solution (Figure 4c). Further combined density
functional theory (DFT) calculations revealed that the enhanced activity of Ru/C3N4/C
could be ascribed to its suitable adsorption energies to some pivotal reaction
intermediates and reaction kinetics during the HER process (Figure 4d-f). Later,
Zhang’s group employed the Au nanowires (NWs) as sacrificial templates which were
then etched by copper ions (Cu?") in dimethylformamide (DMF) solution to produce
hierarchical 4H/fcc Ru nanotubes (NTs) as high-performance HER electrocatalysts.?®
Although fcc Ru manifested more outstanding HER activity than 4cp Ru, Ru metal with
hcp crystalline structure generally tended to be formed via the facile synthetic
procedure. According to the Kitagawa and co-workers’ report, the formation of multiply
twinned Ru particles is mainly based on the “nanosized” effect, which improves the
difficulties of sample preparation.”> Consequently, most of metallic Ru catalysts still
exhibited hep crystalline structure.!® 7> 7* For instance, Li and co-workers developed
hcp-Ru nanocrystal coated with the N-doped carbon thin layer (hcp-Ru@NC) via a
simple thermal annealing route with RuCl;, dopamine (DA) and
cetyltrimethylammonium bromide (CTAB) as raw materials.!® Briefly, polydopamine

(PDA) was first formed by quick self-polymerization of DA in a phosphate buffer
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solution, which was then dispersed with the aid of CTAB in the ambient environment.
Due to the strong complexation reaction between metal ions and the -NH> group, PDA
could largely absorb the added Ru®** ions, followed by the reduction to Ru metal at
80 °C. Lastly, by adjusting the annealing temperature ranged from 400 °C to 800 °C,
the Ru metal with different crystallinity was obtained. Interestingly, it was the first time
to find that the HER performance of hcp-Ru has a large dependence on its crystallinity
and this sample with fully crystallized hcp-Ru displayed the most prominent HER
performance in 0.5 M H2SO4. In addition, Ru nanodendrites with the mixed fcc/hep
structure were also fabricated as a super HER electrocatalyst in alkaline condition.”
Relative to crystallized form, amorphous phase is expected to exhibit better catalytic
behavior. In Tee et al’s previous study, ultrathin amorphous Ru film loaded on fluorine-
doped tin oxide (FTO) glass was prepared by a spin coating technology and
subsequently underwent thermal treatment in various temperatures to optimize the
obtained products. ’® Further electrocatalytic results revealed that the amorphous Ru
after 250-°C calcining treatment with short-range ordered structure showed an optimal

and stable catalytic activity.
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Figure 4. a) HAADF-STEM images of Ru with fcc structure. b) Polarization curves of the
Ru/C3N./C, conventional Ru/C, and benchmark Pt/C samples toward HER in 0.1 M KOH. c¢) TOF
values as a function of operation potential over the designed Ru/C3N4/C and commercial Pt/C. d)
Computed HER free-energy diagram in alkaline electrolytes on three model surfaces of Rufcc, Runcp,
and Pt. e) The hydrogen-adsorption free energy value and water-dissociation free energy barrier of
the three models obtained from d, as well as the measured exchange current density values (jo). f)
Atomic configurations model for water-dissociation step on Rusc surface. Color: pink, the bottom
layer of Ru; light blue, the middle layer of Ru; deep blue, the top layers of Ru; white and red, H and
O atoms in a single H2O molecule, respectively; yellow, the dissociated H atom. Reproduced with
permission.*” Copyright 2016, American Chemical Society.

In addition to crystal structure regulation, maximizing the surface area and

engineering the number of surface active sites also play a crucial role in the



enhancement of activity for an electrocatalyst.>* Many researchers made lots of efforts
to fabricate porous frameworks or nanostructures of Ru metal via multiple synthesis
routes. For example, Huang’s group and Zhang’s group have produced porous Ru
nanodendrites and Ru nanotubes using Cu metal and Au nanowires as sacrificial seeds,
respectively, and remarkable electrocatalytic activity for hydrogen generation was
reported.’® 7> Kong and coworkers demonstrated a facile solvothermal process for
synthesizing two-dimensional (2D) ultrathin Ru nanosheets as HER catalysts (Figure
5a-b), and further oxidation allows for the production of its 2D oxide derivative for
accelerating OER.2° Such a solvothermal process underwent at 180 °C for 18 h with Ru
acetylacetonate and urea being dissolved in a mixture solution of isopropanol and
deionized water. It is noticeable, however, that RuO» nanoparticles were achieved when
replacing Ru acetylacetonate with RuCl; as metal sources. It is likely that Ru metal was
produced by self-decomposition of Ru acetylacetonate, where Ru*" received electrons
from the acetylacetonate ligands or their derivatives, so as to be reduced. Relative to its
powder counterpart, Ru nanosheets showed the significantly enhanced acidic HER
activity with reduced overpotentials at 10 mA cm™ by ~10 mV and decreased Tafel
slopes, and its area-specific current density was also increased by 1.62-fold at -0.10 V
vs RHE (Figure 5c-d). On the basis of DFT results, this might be attributed to the
smaller absolute value of the Gibbs free energy change for hydrogen(/AGn+/) in 2D Ru
structure (Figure 5e). Lastly, a home-made water electrolyzer was built up with Ru
nanosheets and its oxide derivative as cathode and anode, respectively. To reach a

current density of 10 mA cm™, a potential of about 1.53V was required in 0.5 M H2SO4
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(Figure 5f).
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Figure 5. a) TEM image and b) XRD pattern of as-made 2D ultrathin Ru nanosheets. ¢) HER
polarization curves and d) the corresponding Tafel plots of Ru nanosheet, Ru powder and Pt/C. €)
Calculated Gibbs free energy for hydrogen adsorption on Ru nanosheet and powder surfaces. f)
Overall water-splitting activity for Ru-Ru oxide nanosheet, Ru-Ru oxide powder, and Pt/C-Pt/C.
Reproduced with permission.?” Copyright 2016, American Chemical Society.

Additionally, deliberately developing 3D binder-free electrodes with controlled Ru

loading can also endow them with adequately exposed active sites, thus leading to super



electrocatalytic performance. These Ru-based 3D electrodes can be realized by using
impregnation method or deposition approach to integrate Ru nanoparticles or form Ru
film on the different conductive substrate, such as Ni foam, FTO, carbon fiber, Si
nanowires and TiAIC, etc.”®8! The anti-corrosion ability of supports is of pivotal
importance for utilization of 3D electrodes. Jovic et al summarized the corrosion
behavior of some MAX phases according to previous studies and firstly selected Ti.AIC
as substrates to electrodeposit Ru layers (Ru/Ti2AIC).8* Expectedly, the Ru/Ti2AIC
electrode is highly active for HER.

Since Ru metal is extremely unstable in electrocatalytic OER process,> 82 very
little effort was devoted to designing various pure monometallic Ru as high-
performance OER electrocatalysts. Nevertheless, many researchers focused more on its
stability issues, which have been concretely discussed in the above section. Very
recently, the novel branched Ru nanoparticles with exposed low-index facets were
developed and featured obvious prolonged stability and higher activity for OER in
acidic media when compared to the polycrystalline counterpart. Such results were
attributed to that the low-index facets with lower energy surfaces mitigate the Ru
dissolution.®

3.1.2. Alloys engineering. It has been shown that alloying hetero metal elements
is an effective route to modify the surface chemical properties of the host metal derived
from the formation of heteroatom bonds and the alteration of the lattice parameters and
charge distributions.'® %8 Accordingly, it could contribute to the remarkably boosted

electrocatalytic performance (activity or stability). For Ru-other noble metal alloy, Ru-
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Ir, Ru-Pd, Ru-Au, and Ru-Pt alloys have been successfully fabricated as HER catalysts.
13,8789 By picking Ru-Pt alloy as an example, Xing’s group explored the effects of Pt
doping in Ru binary alloy by the successful synthesis of Ru nanoparticles alloyed with
a trace amount of Pt and partially embedded in porous carbon spheres (PtRU@RFCS)
based on a polycondensation reaction between resorcinol-formaldehyde (RF) and resin
in the presence of metal ions, as depicted in Figure 6a.® During the production process,
as the polymerization between RF and resin occurred, metal precursor were added into
the gel solution, which triggered the further condensation reaction due to the strong
interaction between metal precursor and functional groups (e.g.,-CH2") on the resin
surface. Noteworthily, it was observed that the addition times of metal ions significantly
regulated the embedded depth of the resulting metal nanoparticles (Figure 6b). The
HRTEM images revealed that some isolated Pt nanoclusters were obtained on the
surfaces of the PtRu alloy nanoparticles for this PtRU@RFCS-6h sample, in contrast to
the pure PtRu alloy phase in PtRu/RFCS (Figure 6c-d). The PtRU@RFCS-6h hybrid
gave better HER catalytic performance than RU@RFCS-6h and PtRu/RFCS, and even
partially outperformed Pt/C, with a low overpotentials of 19.7 mV at a current density
of 10 mA cm2, small Tafel slope of 27.2 mV dec?, high exchange current density of
1.57 mA cm, and a turnover frequency of 4.03 H, s(Figure 6e-g) in 0.5 M H2SO..
Through integrating the analysis from the view of HER thermodynamics and kinetics
with reported DFT calculations on different metal surfaces, the improved HER

electrocatalytic performance after Pt doping might come from this weakened binding
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strength between metal and hydrogen atoms (M-H) and promoted rapid hydrated proton

dissociation (Figure 6h).
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Figure 6. a) Schematic synthesis of RU@RFCS. b) HRTEM images of a series of RU@RFCS
samples with different addition time of metal ions. ¢, d) HRTEM images and corresponding atomic
configuration structure for as-obtained PtRU@RFCS-6h (c¢) and PtRu/RFCS (d). e) HER
polarization curves, f) TOF values, and g) Tafel plots of PtRU@RFCS-6h hybrid, RU@RFCS-6h,
PtRU/RFCS, and commercial Pt/C electrocatalysts under acidic conditions. h) Free energy diagram
of HER in alkaline electrolytes for RU@RFCS-6h hybrid, RU@RFCS-6h, and commercial Pt/C.
Reproduced with permission.*3! Copyright 2018, Royal Society of Chemistry.



Besides, of note, forming alloys from noble metals and non-precious metals such
as transition metals (TM, eg. Co, Ni, Fe, Mo, W, etc) not only guarantee the high
activity but also bring about the balance of good cost-competitiveness, which have been
widely investigated.®®2 As a much cheaper alternative to Ru, Co metal is largely
inferior to Ru for hydrogen production. According to electronic structure and lattice
constant of metal, Co and Ru can form d orbit overlap when alloying. Meanwhile, the
Ru atoms could enter Co lattice, in contrast, Co atoms may also incorporate into Ru
lattice, so that to tune the M-H bond strength and provide much more active sites toward
HER.®® Recently, an effort has been put forward to enhance the HER activity of Co
metal by alloying with a small number of Ru atoms, and the Co-Ru nanoalloys were
encased in nitrogen-doped graphene shells (RuCo@NC) (Figure 7b).%° The catalysts
were prepared by adopting a metal-organic frameworks (MOFs)-assisted strategy,
where Cos[Co(CN)s]. MOF was first formed by self-assembly of organic ligands (CN-
groups) and metal ions or clusters through coordination bonds, and then after
introducing a certain amount of Ru®* ions into this MOF via an ion-exchange reaction,
the collected solid powders underwent thermal decomposition under nitrogen
atmosphere at 600 °C for 4 h, as shown in Figure 7a. The optimal RuCo@NC sample
with controlled Ru-doping amount (which was named as S-4) exhibited a most obvious
increase in HER performance relative to the undoped counterparts(S-0) and even better
than the commercial Pt/C catalysts in basic solutions (Figure 7c-d). The DFT results
suggested that more electrons could be transferred from RuCo alloy core to graphene

layer compared with pure Co metal core, so as to obtain the enhanced C-H bond and
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thus significantly lower AGn=, eventually boosting HER performance (Figure 7e-g).
Soon afterward, a similar study reported that NiRu nanoalloy encapsulated in nitrogen-
doped carbon (NiRu@N-C) was employed as efficient HER electrocatalysts in the pH-
universal electrolytes.®® It is worth mentioning that in a very recent work, cobalt-
substituted ruthenium nanosheets displayed an unprecedented high electrocatalytic
activity for basic HER with ultralow overpotential at the current density of 10 mA cm-
2 (13 mV) and Tafel slope value (29 mV dec™) as well as robust stability (Figure 8a-
d).% Further structural identification was carried out by aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) and X-
ray absorption fine structure (XAFS) measurements, which showed the atomically
isolated Co in Ru lattice. Through theoretical calculations in Figure 8e-h, the
prominently decreased energy barrier of water dissociation after single Co atom
substitution account for the top-level HER catalytic activity. Based on Brewer-Engel
valence-bond theory, it is well-known that unpaired d-band electrons help to form
chemisorptive bonds with H atoms, thus leading to improved HER catalytic activity.*
Ru, as the right-half of TMs elements, possessed unpaired d electrons, meanwhile, Mo
belongs to the left-half in the TM elements region with a half-filled d orbital (4d°st),
thus alloying Ru with Mo can create more d electrons. Zhang et al developed the Mo-
doped hcp Ru alloy catalyst and observed that such structural tailor could greatly
improve the HER performance of Ru metal and bring the extraordinary HER catalytic
activity.®? Apart from the binary alloy materials, much attention is also attracted to the

ternary alloys because the introduction of a third metal element creates more changes
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to tailor the electronic structure of host metal. Accordingly, some trimetallic alloys of
Pt-Ru-Cr, Pt-Ru-Fe, Pt-Ru-Co, and Ru-Mo-Co, etc, have been successfully

developed.®3 %% 96
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Figure 7. a) The preparation process of RUCo@NC. b) The TEM image of RuCo@NC. ¢, d) LSV
curves of RuCo@NC hybrids with different Ru-doping amount (c), S-4, pure Ru and Pt/C (d)
toward HER in alkaline solutions. e, f) Charge density distribution for Co (e) and CosRu models (f)
from DFT calculation, where the decreased and increased charge density can be suggested by cyan
and yellow areas, respectively. g) Calculated Gibbs free energy for hydrogen adsorption on different
models. Reproduced with permission.®® Copyright 2017, Nature Publishing Group.
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Figure 8. a) HER polarization curves, and b) the corresponding Tafel plots of different samples in
1 M KOH. ¢, d) Stability tests for Co-substituted Ru (c) and Pt/C (d) based on 1000 cycles. e) Gibbs
free energy for hydrogen adsorption ( A Gu+), the energy barrier of water dissociation ( A Gy) and
OH binding energy ( A Eow) for various Co-substituted Ru samples. f) Free-energy diagrams for
three different HER reaction steps including VVolmer, Tafel, and Heyrovsky on RuCo: model. g)
HER free-energy diagrams for VVolmer reaction step on various Co-substituted Ru sample surfaces.
h) Top-view and side-view images of electron configuration change after the substitution of a single
Co atom. These green, purple, red and white balls represent Ru, Co, O, and H atoms, respectively.
Reproduced with permission.®* Copyright 2018, Nature Publishing Group.

Except for exploring Ru-M alloy materials as HER electrocatalysts, it has been
confirmed that some introduced TMs in Ru binary or ternary alloy can significantly
enhance the OER electrocatalytic activities and stability of these Ru-involving
materials.®® 97101 Strasser’s group synthesized various binary Ru-M (M = Co, Ni, Cu,

Cr, Re, Pd, Ir) alloy samples by varying their compositions and displayed their OER



electrocatalytic behavior in acidic media.®” On the basis of Ru mass loading, RueoCo040
and RusoCoso catalysts exhibited the highest mass activity of about 200 mA/mgry at a
potential of 1.48 V vs RHE, whereas only 100 mA/mg ruy Was observed for the pure Ru
catalyst. A while ago, Shan et al. found that Co-doped Rulr alloy delivered significantly
ameliorated OER activity and stability under acidic conditions due to appropriate
oxygen-intermediates binding behavior together with a lowered metal dissolution
relative Rulr alloy.°* Additionally, in the work, the prominent HER catalytic properties
for Co-doped Rulr alloy were also observed. Thus, an electrolyzer voltage of just 1.52
V in 0.1 M HCIO4 was required to yield a 10 mA cm current density for overall water
splitting to attain oxygen and hydrogen.

3.1.3. Core-shell hybrids construction. In a Ru-M bimetallic system, the core-shell
structure was also developed to boost catalytic activity and stability of the monometallic
counterpart for both OER and HER.%2-1% | yo et al. fabricated mesoporous Pd@Ru
nanorods with well-defined core-shell nanostructure (mesoporous PA@Ru NRs) as
HER electrocatalyst in alkaline condition.!®® The overpotential of PA@Ru NRs at 10
mA cm? was much smaller than that of pure Ru and Pd as well as solid Pd@Ru NRs.
Benefiting from the Ru/Pd (111) like interface structures in mesoporous PA@Ru NRs,
a lower Gibbs free energy barrier for water dissociation was obtained so that they
showed improved HER activity. Wang et al. reported that Ru@Pt core-shell
nanoparticles showed higher HER activity than that of the conventional strain-free RuPt
alloy.1® The obvious HER enhancement in Ru@Pt core-shell nanoparticles could be

attributed to a highly compressive strained Pt surface as a result of regulating fcc Ru-


file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_77
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_79

induced interfacial lattice mismatch. For OER process, due to the extreme instability of
Ru metal as mentioned above, much attention was paid to enhance the stability in M-
Ru core-shell structure relative to pure Ru metal 2% 10 As demonstrated by AlYami et
al., Pt@Ru core-shell nanocrystal with an atomic layer Ru cuboctahedral shell exhibited
slightly improved OER activity but dramatically enhanced stability in comparison to
pure Ru.1% They referred that the greatly stable low index facets of the cuboctahedral
shell may increase the structural integrity and largely inhibit rearrangement or
segregation of Ru from Pt core during easy oxidation/reduction process, so as to
enhance the stability. Tilley’s group found that Ru metal shell could be stabilized by
Pd core to strengthen the OER stability while retaining the high activity similar to pure
Ru.1% Such enhancement of OER stability could be originated from more metallic Ru
in Pd-Ru core-shell nanoparticles when compared with Ru nanoparticles. Furthermore,
the same group also fabricated Pd-Ru or Au-Ru nanoparticles with core-branch
structure and this class of catalysts presents more potential in improved OER stability
and activity owing to exposed low index Ru facets.107- 108

3.1.4. Building advanced heterostructures. Generally, the rational engineering of
Ru metal and other components (e.g. metal, oxides, sulfides, phosphides, etc, named as
Ru/A) into heterostructured composites is highly useful in boosting their
electrocatalytic performance (activity or stability) due to the synergy between different
components.?*1%912° For example, Ru-MoO> nanocomposites were well constructed by
in-situ carbonizing the Ru modified Mo-based MOF at 700 °C for 3 h to offer

remarkable HER catalytic performance under pH-universal conditions.!’® The
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synergism, induced by the strong electronic interactions between MoO. and Ru
nanoparticles, endows higher electrical conductivity, optimal water adsorption energy,
and faster charge transfer ability of the nanocomposite, and then an enhanced HER
activity was achieved. Yoon and his coworkers fabricated the cactus-like hollow Cuo.
xS@Ru nanoplates (NPs) with heterojunctions, which showed widths of about 116 nm
and hollow interiors (Figure 9b and c).''! Shown in Figure 9a is the synthetic route,
where Ru®* ions initially undergo cation exchange with Cu* ions from the Cu 04S NPs,
and then are thermally reduced. Further heteroepitaxial growth of Ru atoms leads to
cactus-like nanostructures, that accompanied with the dissolution of the Cu1.94S NPs,
thus forming the hollow nanostructure. The as-obtained hollow Cu,xS@Ru NPs deliver
excellent catalytic activities with an overpotential as low as 82 mV at 10 mA cm? and
a small Tafel slope of 48 mV dec™ in 1 M KOH electrolyte (Figure 9d and e) because
of moderate water dissociation Kkinetics triggered by the high interface density between
the metal and metal sulfide, and more exposed active sites in hollow structure. Besides,
Liu et al. unveil the Ru modulation effects in a multi-heterogeneous system made up of
Ni metal, nickel phosphides (NizP), and Ru metal (Ni@Ni.P-Ru).'*? Benefiting from
the Ru incorporation that accelerates the sorption behavior of H to obtain the optimal
adsorption free energy of hydrogen (AGH) and regulates phosphatization degree of Ni
via a Ru-Ni coordination effect to produce Ni@Ni2P-Ru heterostructures with
improved conductivity, the Ni@Ni2P-Ru hybrids achieved improved HER performance
with a low overpotential, small Tafel slope, and large exchange current density, as well

as excellent stability in both 0.5 M H2SO4 and 1 M KOH solutions. Very recently,
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Qiao’s group reported the synthesis of a hetero-structured Ru@IrOx material with
highly strained ruthenium as core and a partially oxidized iridium as the shell (Figure
9f and g). The Ru@IrOx nanomaterials were fabricated by employing a sequential
polyol route, where ruthenium (111) acetylacetonate was first reduced to Ru colloids in
an ethylene glycol (EG) solution with poly-(vinylpyrrolidone) (PVP) as a stabilizer
under refluxing conditions (198 °C, 3 h). Subsequently, iridium (I11) chloride hydrate
was added into colloidal Ru suspension, and the system was heated rapidly to 130 °C
and then slowly to 198 °C under refluxing conditions, eventually achieving the coating
of IrOx shells on Ru cores. It was found that such structure well modified the electronic
structure of both core and shell, specifically, increased valence of the iridium shell and
decreased valence of the ruthenium core (Figure 9h and i), which eventually created a
positive synergy and thus led to the enhanced OER activity and stability in 0.5 M H2SO4
when compared to RulrOx.2* Notably, Ru dissolution is always the critical issue of
stability of Ru-based materials. In this work, the current density at 1.55 V vs RHE for
Ru@IrOx sample declined slowly to about 90% of initial value after a 24-h long-term
testing with extremely low Ru dissolution and relatively low Ir dissolved concentration
of about 2.0 ppb, while RulrOx only retained nearly 20% of its initial performance
within a 1-h measurement, together with Ru and Ir dissolved amounts of nearly 30 and
4 times, respectively, larger than that obtained in the case of Ru@IrOx (Figure 9j-1).
Furthermore, a stable hybrid of isolated single ruthenium atoms firmly immobilized on
the surface of cobalt-iron layered double hydroxides (Ru/CoFe-LDHs) were

constructed to boost the OER activity and stability in alkaline electrolytes when
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compared to pure CoFe-LDHs and commercial RuO,.1%® Benefiting from synergetic
electron coupling by creating Ru-O-Fe/Co bonds, oxidation states of single-atomic Ru
maintained below +4 even at a high potential, thus enabling Ru/CoFe-LDHs to have
exceptional oxygen-evoluting ability including very low overpotential of 198 mV at 10
mA cm2 and super stability at the large current density of nearly 200 mA cm over 24

h, simultaneously.
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Figure 9. a) Schematic illustration of preparing Cu,xS@Ru nanoplates. b, ¢) Representative TEM
images of Cu,xS@Ru nanoplates. d) LSV and e) Tafel results of OER in 1 M KOH over thick and
thin hollow Cu2xS@Ru NPs and Cu1.94S NP. Reproduced with permission.!* Copyright 2017,
Wiley-VCH. f) Overlapped EDX elemental mapping of Ru and Ir, and g) EDX line profile for
Ru@IrOx nanocrystals. Comparison of h) Ru 3d and i) Ir 4f XPS spectra of Ru@IrOx and RulrOx
samples. j) The chronoamperometry curves of Ru@IrOx and RulrOy catalysts fixed at a constant
potential of 1.55 V. k, I) Ru and Ir ions dissolved concentration for Ru@IrOx (k) and RulrOx (I)
catalysts after various reaction times. Reproduced with permission.’?! Copyright 2019, Elsevier.

In alkaline electrolytes, the HER process consists of the dissociation of water and



the subsequent associative desorption of hydrogen.t*® However, most HER catalysts
only perform well for the latter, and the overall alkaline HER was significantly
restricted by the difficult cleavage of H-OH bonds.'® Several pioneering works
proposed the novel concepts that a synergistic interplay between water dissociation and
hydrogen sorption for superior alkaline HER activity could be generated by employing
multi-phase composites with heterostructure as catalysts. 6118 As the most typical case,
Subbaraman and his co-workers illustrated that the alkaline HER catalytic activity of
Pt can be largely boosted by modifying with Ni(OH)., which played the crucial role as
an OH" adsorption promoter so that to expedite water dissociation.’® The similar
phenomenon has also been observed in Ru/A (oxides, sulfides, phosphides, etc)
heterostructure systems.'1122 127 | jy et al. developed Ru/Y(OH)s nanohybrid as
outstanding HER catalysts in alkaline media, in which Y(OH)3s supports accelerated
water dissociation.’® Qiao’s group directly grew defect-rich MoS, nanosheets on
carbon paper via a facile 180-°C hydrothermal method and then decorated MoS;
nanosheets with Ru nanoparticles by an impregnation-calcination process
(Ru/MoS,/CP) (Figure 10a and b).1?° When generating hydrogen in alkaline condition,
there is an interfacial synergistic effect between Ru and MoS; in such Ru/MoS,/CP
sample, whereby Ru metal promotes the cleavage of H-OH bonds and nearby MoS;
with rich defects allows for favorable hydrogen adsorption/desorption (Figure 10c).
Thereby, the as-designed Ru/MoS; sample exhibited considerable activity with the
overpotential of only 13 mV at 10 mA cm2, which was much better than the single

component (Ru or MoS>) and even outperformed Pt/C (Figure 10d).
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Several Ru/A heterostructured composites were also applied to overall water
splitting.1%-1% In Huang’s study, ruthenium-nickel sandwiched nanoplates (Ru-Ni SNs)
were prepared by a colloid chemistry method, in which ruthenium(l11) acetylacetonate,
nickel(1l) acetylacetonate, and PVP were uniformly dissolved in benzyl alcohol with
the aid of ultrasonication, and then the system was heated at 170 °C for 5 h in an oil
bath.!* TEM and HR-TEM images revealed an interesting morphology of two
hexagonal Ru rings caped on the two ends of a Ni pillar in Ru-Ni sandwiched structure
(Figure 10e-g). By adjusting the molar ratio of Ru and Ni metal sources, Ru:Niy,
RuzNi> and Ru2Niz SNs with similar morphologies were obtained. Among them,
RuzNi> SNs are most active for both OER and HER in alkaline media and is much
higher than that of benchmarks Pt/C (Figure 10h and i). An electrolyzer prototype with
RuzNi2 SNs as both cathodic and anodic catalysts offered a considerable catalytic
activity for water splitting along with high stability (Figure 10j and k). Yang et al.
reported the ultrafine Ru and Cu-doped RuO2 complex embedded in an amorphous
carbon substrate (S-400-H) as promising bifunctional catalysts toward both OER and
HER in alkaline aqueous solutions.!? In such composite S-400-H, ultrafine Ru acted
as the main HER active sites while ultrasmall Cu-doped RuO: displayed the improved
OER activity when compared with ultrasmall RuO, and also outperformed the
commercial RuO2. DFT results confirmed that Cu doping tailored d-band center, so as
to change the electronic distribution around Ru active centers in RuO2, eventually
enhancing OER activity of RuO2. The unique microstructures and composition enabled

the S-400-H to be catalysts on both cathode and anode for full water electrolysis with
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a current density of 10 mA cm™ at 1.47 V as well as excellent stability for 40000 s.
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Figure 10. a) The synthetic route of Ru/MoS,/CP. b) HRTEM images of Ru/MoS,/CP. ¢) Schematic
illustration showing an interfacial synergistic effect between MoS; and Ru toward HER in alkaline
media. d) Polarization curves of Ru/MoS,/CP and other control samples for alkaline HER.
Reproduced with permission.['2% Copyright 2017, Royal Society of Chemistry. e-g) Obtained TEM



and HRTEM images of RuzNiz SNs from a different view. h, i) HER and OER activity results based
on LSV curves for various Ru-Ni SNs/C, and commercial Pt/C in 0.1 M KOH (h) and 1 M KOH
(i). j) Polarization curves of RuzNi> SNs in a two-electrode water splitting system under alkaline
conditions, Insert is the separated OER and HER polarization curves. k) Chronopotentiometry test
at 10 mA cm2 for RuzNi, SNs/C and Ir/C-Pt/C. Reproduced with permission.*?*l Copyright 2018,
Elsevier.

3.1.5. Ru-C composites design. Apart from the above-mentioned composites of Ru
metal with other metals, phosphides, and oxides, etc, Ru metal can also be loaded on
various functional carbon substrates, generating Ru-C hybrids, which have been
extensively reported as extraordinarily high-activity HER electrocatalysts in the pH-
universal electrolytes.” 139140 |n these composites, carbon-based supports, including
reduced graphene oxide (RGO), carbon nanotubes (CNTS), carbon nanosheet, porous
carbon, XC-72 Vulcan carbon, etc., show lots of merits, which are summarized as
below.’* 130135 First, carbon materials generally have super conductivity, that decreases
the electrical resistance among active species.®®' Then, carbon substrates with the
ultrahigh specific area can avoid the agglomeration of Ru nanocrystals and accordingly
obtain uniform and highly-dispersed fine Ru particles.®*® Third, abundant porous
structure can facilitate mass diffusion, particularly accelerate the transportation of
electrolytes and release of H, product.’3® 13" Last but not least, the formed interfacial
interactions between carbon and metal efficiently tune the electronic configuration of
active sites.3" 138 All of these may lead to more active sites and excellent catalytic
activity.

In general, Ru-C composites are fabricated by using two classes of strategies of
“in situ produced carbon” and “as-formed carbon”. The former is mainly derived from

the high-temperature calcination treatment of a mixture of Ru salts and organic
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molecules.3513% 141 Dyring the annealing process, metal species catalysis and thermal
decomposition enable organic linkers to be successfully transferred into various carbon
nanostructures, e.g., carbon nanosheets, irregular porous carbon, or CNTs, etc. For
instance, Zhang et al. reported the synthesis of a novel ruthenium/nitrogen-doped
carbon (Ru/NC) catalyst using polyaniline as a carbon precursor and RuClz xH,>O as
the metal source, and the micro-morphology of the resultant samples could be
controlled by the pyrolysis temperature ranged from 800 °C to 1000 °C.*** In a recent
published work, Shao-Horn’s group developed ruthenium-decorated hierarchical
porous carbon (Ru-HPC) based on a bimetallic metal-organic frameworks strategy
(Figure 11a), in which 1, 3, 5-benzenetricarboxylic acid (HzBTC) was employed as the
organic ligand, and Cu?* and Ru®* were used as metal sources. After self-assembly by
coordination bonds between metal ions and HsBTC, CuRu-MOF was achieved. Then,
the pyrolysis was carried out at 700 °C for 2h, in which the organic ligand would transfer
into nitrogen-doped carbon and metal ions were reduced to metal Ru and Cu. After that,
the resulting Cu was removed by FeCls and thus functioned as pore templates.**” Figure
11b-d display that ultrafine Ru nanoparticles were anchored on carbon substrate with a
hierarchically porous structure for Ru-HPC sample and the formation of hierarchical
structures could stem from removal of Cu, as confirmed by N2 adsorption/desorption
isotherms. Toward hydrogen production, Ru-HPC showed highly excellent catalytic
activity with a low overpotential of 22.7 mV to reach 25mA cm?ge, 1 M KOH (Figure
11e) and robust stability (Figure 11f). By contrast, the “as-formed carbon” strategy

utilizes well-defined carbon supports and Ru salts, and then usually undergo a low-
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temperature reduction process to attain Ru-C hybrids.”* 4% As reported by Baek’s group,
a robust mechanochemically assisted synthesis method was proposed to produce this
composite of uniform Ru nanoparticles loaded on the graphene nanoplatelets (Ru@GnP)
(Figure 11g).'*® By ball-milling commercial copious graphite with dry ice, they
developed edge-carboxylic-acid functionalized graphene nanoplatelets (CGnP), which
easily adsorbed Ru ions on their surface. Then sodium borohydride (NaBH4) was added
into above Ru ions-contained CGnP dispersions to in situ reduce Ru ions into Ru metal.
Finally, further calcination was conducted to remove excessive carboxylic acid groups,
so that to form the resulting Ru@GnP hybrid. Hu et al. also demonstrated that by
directly grinding the mixture of metal precursor (RuCls), sodium borohydride (NaBHa4),
sodium hydroxide (NaOH), and commercial XC-72 Vulcan carbon in an agate mortar
at an ambient temperature, highly dispersed Ru nanoparticles supported on carbon
(Ru/C) were successfully achieved.” All of the above mentioned Ru-C materials, when

used as HER electrocatalyst, showed superior catalytic activity.


file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_111
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_111
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_53

(a) ) Highly exposed
Ru sit:
u sites Cu' Ru nanoparticles

CuRu-MOF CuRu-C Ru-HPC

~—
.)m‘
ov.

Ye
o
§ Pos?
E 50 794, @,
= e
2 b
2 -1004 —— Pt foil ” "
2 ——20% PY/C % BHPE L B BB O “
8 — CuRu-C raod oSS HHRRRRBwee ey o
3 y5oel / i _Rl“'HPC Graphite
015 010 -005 000 005
( Potential (V vs. RHE) OPt O RUO®C ®©0 C( H

o

Intial

..... After 10h |-t test
-204

-40 1

(o LI
|
|
|
|
|

-604

Current Density (mA cmy,.)
S

o

274 6 8 10
Time (h)

Current Density (mA cm,,?) a A

0.3 02 0.1 00 01 00
Potential (V vs. RHE) Ru(001) PtA11)

Figure 11. a) A schematic diagram to describe the synthesis of Ru-HPC. b) TEM and ¢, d) HRTEM
images of the Ru-HPC. e) HER Polarization curves of the designed Ru-HPC, CuRu-C, 20% Pt/C,
and Pt foil in alkaline media. f) HER Polarization curves of Ru-HPC before and after 10h
continuous current-time measurement in alkaline electrolytes. Insert images showed the 10h
continuous current-time test of Ru-HPC. Reproduced with permission.[** Copyright 2019, Elsevier.
g) Schematic illustration of the preparation of Ru@GnP electrocatalyst. Reproduced with
permission.*4% Copyright 2018, Wiley-VCH.

The nanosized effect of Ru crystal for Ru-C composites on HER performance
could be controlled by changing the mass ratio of carbon precursors and metal sources,
which was realized by Barman’s study.* In that work, the researcher designed various

N-doped graphene-supported ultra-small Ru nanocrystals composites (RU@NG-x) on
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the basis of different mass ratio (x) of dicyanamide and RuClsxH20 as raw materials.
According to high-resolution TEM (HRTEM) images, Ru nanocrystals in Ru@NG-10
have sizes of 4-5 nm. In contrast, the average sizes of Ru nanocrystals in RU@NG-2
and RU@NG-4 samples are about 2 nm. The electrochemical tests revealed that the
HER performance of three electrocatalysts recorded in both acid and alkaline conditions
followed a trend of RU@NG-10 < RU@NG-2 =~ Ru@NG-4, strongly corresponding to
the order of the Ru nanocrystals sizes: RU@NG-10 (4-5 nm > RU@NG-2 ~ Ru@NG-4
(~2 nm). Additionally, the effect of confinement space for Ru nanoparticles
encapsulated by carbon shell on HER catalytic activity was also studied by Chen and
his coworkers.*2 They found that the fully-encapsulated Ru catalyst (F-Ru@PNC)
showed higher catalytic activity than the semi-encapsulated Ru catalyst (S-Ru@PNC),
and both of them were also superior to Ru nanoparticles supported on PNC (Ru/PNC).
Subsequent DFT calculation results elucidated that the charge transfer between the Ru
nanoparticles and the carbon layer was affected by the different confined spaces, so as
to generate different HER activities.

Among Ru-C composites, N-rich organic precursors after the carbonization help
to form Ru-N-C hybrids and the synergy between metal-embedding and N-doping can
enhance the catalytic activity.?” 13213 Based on a recent report by Li’s group, owing to
metal-N4 species with more thermodynamically robust stability, precious metal
nanoparticles had a large tendency to be thermally stable single atoms in an inert
atmosphere when mobile precious metal atoms were anchored to the defects of N-doped

carbon.'®® Inspired by these findings, several researchers have proposed various
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strategies to design different Ru-N-C composites for efficient hydrogen generation. As
a good case, Baek’s group first reported the production of ultrafine Ru-dispersed and
nitrogenated two-dimensional porous carbon (Ru@C:N) by a coupled two-step room-
temperature reaction: (1) C2N structure was first formed through the polycondensation
of Hexaaminobenzene (HAB) and hexaketocyclohexane (HKH) in N-methyl-2-
pyrrolidone (NMP); (2) RuCls, as a Ru precursor, was subsequently reduced by NaBH4
reducing agent.?’” As a result, Ru@C:N showed a high specific surface area of 400.1 m?
gl and a Ru content of about 28.7 wt.%. Such a Ru@C;N catalyst enabled the
unprecedented HER activity with the low overpotentials to reach 10 mA cm2 (13.5 mV
in 0.5 M H2S04; 17.0 mV in 1.0 M KOH), and small Tafel slopes (30 mV decade™ in
0.5 M H,SOs; 38 mV decade? in 1.0 M KOH), which beat most of reported
electrocatalysts and is even better than Pt/C. Meanwhile, the superior catalytic activity
toward HER of Ru@C:N to control samples of Co@C:N, Ni@C2N, Pd@C:N, and
Pt@C:2N with the similar synthesis verified the promotion by Ru metal, and a poisoning
study with SCN" revealed highly dispersed Ru nanoparticles as the dominant active
sites. According to further theoretical calculations, the intrinsic origin of such high HER
activity for Ru@C:N is from a favorable Ru-H binding energy. Later, Wang and
coworkers also introduced highly uniform Ru nanoparticles on N-doped carbon hybrids
(RU@CN) through the calcination of a solid mixture of melamine, D-glucosamine
hydrochloride (GAH), and RuClz at 800 °C for 6h, and confirmed it as an efficient HER
electrocatalyst in pH-universal conditions.® The outstanding HER activity can be

attributed to factors such as the high specific area, rich zero-valence Ru, good
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conductivity, and large active site density. More recently, Chen’s group designed one-
dimensional Ru, N-codoped carbon nanowires by employing tellurium (Te) nanowires
as sacrificial templates, as illustrated in Figure 12a (The resulting product was named
as Ru-NC-T, where T represents the pyrolysis temperature.).}* According to several
advanced material characterizations like TEM, HAADF-STEM, XAS, and EELS, it
was found that in addition to Ru nanoparticles, Ru single atoms embedded within the
carbon matrix (RuCxNy) were also achieved (Figure 12b-i). When served as HER
electrocatalysts in 1 M KOH, the optimized Ru-NC-700 delivered a super catalytic
activity with an nio of only 12 mV, which is markedly superior to Pt/C (about 49 mV)
(Figure 12j) and much better than almost all of Ru-involving catalysts performed in
alkaline electrolytes. Based on a series of controlled experiments, they argued that such
unprecedent activity was greatly originated from RuCxNy species with minimal
contributions from Ru nanoparticles. Furthermore, DFT calculations also confirmed
that a much lower hydrogen binding energy for RUCxNy was obtained relative to Ru
nanoparticles, especially RuCzN> functioned as the most active catalytic site (Figure

12K).
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Figure 12. a) The synthesis process of the Ru-NC-T sample based on Te nanowires as sacrificial
templates. The image at right is the HRTEM image of Ru-NC-800 sample. b) The HRTEM image
of Ru-NC-800. ¢) XANES results for Ru-NC-700, solid lines and dash lines represent experimental
data and simulated data from DFT calculations, respectively. d) Fourier-transformed EXAFS data
for Ru-NC-700. e) HAADF-STEM images of Ru-NC-700 and f-i) EELS spectra of zones (I)-(1V)
in e, which is corresponding to Ru single atoms, Ru nanoclusters, Ru nanoparticles, and metal-free



carbon. j) HER polarization curves of Ru-NC-700 and 20% Pt/C under alkaline conditions. k)
Energy diagram of different RUCxNy structures based on DFT calculations. Reproduced with
permission.t*4 Copyright 2019, Nature Publishing Group.

3.2. Ru oxides

3.2.1. RuO». RuO: is extremely active to accelerate O evolution, and up to now,
it has been generally recognized as the benchmark toward OER electrocatalysts in both
acidic and alkaline electrolytes.1# 43 54 56, 145150 Ag compared in acidic condition, the
utilization of higher-pH electrolytes enables numerous transition metals to be employed
as electrode catalysts, owing to their high anti-corrosion behavior in alkaline condition.
Accordingly, plenty of efficient and low-cost electrocatalyst alternatives to RuO> were
developed in the alkaline solution.™ In contrast, superior acidic OER catalysts still rely
on few acid-resisting noble metals such as Ir and Ru, thus RuO2-based materials as
acidic OER catalysts were more widely investigated compared with those in alkaline
electrolytes. Nevertheless, no matter operating in an acid or alkaline environment, RuO-
exhibited a fast-fading activity toward OER, even though its initial catalytic behavior
is high,®® 82 152 \which has been discussed in detail in the second part. When comparing
RuO with IrO,, which is another OER state-of-art standard, RuO. have better OER
activity than IrO, while the stability of RuO> is much inferior to that of 1rO.14 >4 153
Interestingly, Danilovic et al. discovered that the most active precious metal oxide
toward OER in acidic condition is actually the least stable one, which is primarily
dominated by density of surface defects along with the nobility of metal oxides.™3
Consequently, to enable the practical operation, the improvement of long-term stability

for RuO»-related catalysts without affecting its electrocatalytic activity is highly
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essential, and of course, it is more eager to simultaneously enhance its activity and
stability. However, still, numerous previous studies only focus on the OER activity but
neglect the corrosion issue.

For extensively reported RuO, materials as OER electrocatalysts, the obtained
performance varies drastically, which have a large dependence on various synthetic
strategies and experimental conditions that contributed to different morphologies,
particle sizes, crystallinity, crystal facet and degrees of hydration, etc,20 147,127, 154-167

Particle size and morphology control: For the sake of maximizing the mass
utilization efficiency of Ru metal and creating more active sites per mass, it is most
logical to reduce the particle size and design a novel nanostructure. Several
predecessors controlled the particle sizes by changing pyrolysis temperature.*4” 154
Among them, Xu’s group found that the specific/mass activities for OER were
decreased when increasing particle sizes,'®* while Ma et al. emphasized that the particle
size and the degree of crystallinity jointly affect the OER catalytic behavior, thereby
existing an optimum calcining temperature.’*” Paoli et al. employed the magnetron
sputtering method to produce well-defined and mass-selected RuO. nanoparticles and
demonstrated a tentative maximum in acidic OER mass activity for the particles with
the size of about 3-5 nm.>* Nevertheless, as experimentally evidenced by Reier et al.,?
anodic-oxidized Ru nanoparticles at the diameter of around 4 to 6 nm were more
unstable than the corresponding bulk one. Thus, it seems to exist both positive and
negative relationship with the particle size on activity and stability, respectively.

RuO; thin film patterned on conductive substrates is effective to increase the
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number of active centers, and sometimes enhance the long-term stability.*>>1%" DeSario
et al. proposed a versatile deposition method to obtain the ultrathin RuO2 film on
various 3D substrates (SiO2 or carbon-coated SiO; paper).!®® The as-prepared
RuO,@SiO, or RuO,@C@SIiO; electrode showed very high OER activities on the
basis of area and mass in the acid electrolyte (10 mA cm at an overpotential of 270-
280 mV or 20-60 mA mg™ at an overpotential of 330 mV). More significantly, such
high performance was achieved with a catalyst loading roughly 300-580 times less than
that of bulk RuO,. Of note, at the constant density current of 10 mA cm2, a stable
activity for over 100 h was also observed. According to Kibsgaard et al., the surface
structure of RuO: thin film was further optimized via constructing highly ordered
mesopores, which significantly boosted the OER geometric activity along with
unaffected specific activity under acidic condition.*® Additionally, various other
nanoarchitecture, such as nanorods, nanowires, and nanosheets also attracted great
attention.'* 20 28 150 Recently, one-dimensional RuO, nanorods with a length-width
ratio of ~4.37 were fabricated via a facile hydrothermal-calcination route.**® This OER
catalyst afforded the low operating potential of 1.508 V vs. RHE to reach a 10 mA cm’
2 current density in 1 M NaOH, which exceeded that required for commercial RuO..
Such results might be caused by higher surface area that create more active sites. As
well, the negligible change before and after 500 continuous cycles confirmed the
robustness of this RuOa.

Crystallinity and crystal facet engineering: The crystallinity and Miller index of

crystal face for catalysts renders the control in the local structure of the surface
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adsorption sites, which is usually significant in determining OER catalytic behavior.5"
149, 158-160 For example, Nakato et al. identified the fact that amorphous RuO; delivered
a smaller Tafel slope and lower onset potential than that of the rutile crystalline one in
an acidic electrolyte.?® Such higher OER activity could result from lower local
structural distortion energy due to larger structural flexibility in the amorphous sample.
Stoerzinger et al. demonstrated that RuO» (100) facet was more active and stable than
the (110) facet for OER under alkaline condition, which was partially due to richer
coordinatively undersaturated metal sites on the (100) surface.!*® Roy et al.
systematically studied the impacts of RuO. crystallographic orientations on OER
catalytic activity and stability.5! In this case, they prepared three thin films with
different orientations of (111), (101), and (001), and single-crystal (110), as well as
commercial nanoparticles. When acting as OER electrocatalysts in 0.05 M H2SOa, the
initial activities, from the view of the current density at 1.6 V vs RHE, followed this
trend: (001) > (101) > particles > (110) > (111). However, in stark contrast to pioneering
works, their stability was not related to the activity. Additionally, several other related
works were published, such as analyzing the effect of crystallographic orientations on
Ru redox during OER under different pH conditions, or evaluating the function of
different crystal facets with different water coverage on H.O deprotonation degree and
adsorption free energies.® % Strikingly, owing to the highest thermodynamic stability
on RuO; (110) crystal face, more attention was drawn on some properties of this surface
during oxygen evolution. Several DFT-based investigations unraveled that the surface

peroxo species of Ru-O-O-Ru, produced by the neighboring Ru-O bonds, could be the


file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_119
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_128
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_128
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_119
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_130
file:///C:/Users/123/Desktop/Review-final-Jie%20Yu-1-revison-final.docx%23_ENREF_131

reaction intermediates.'*® 1% It should be noted that local structural distortion could be
triggered by generation of the peroxo bonds, thereby influencing the intermediate
stabilization. Based on Sabatier principle, a catalyst is most efficient when the stability
of intermediates is neither too weak nor too strong.'®? Besides, Shao-Horn’s group
identified the structural changes on the surface of single-crystal RuO. (110) as a
function of applied potential during an acidic OER process via in-situ X-ray scattering
measurements and DFT calculations (Figure 13a and b), and they proposed that the
deprotonation of -OH species which stabilized the -OO group was a rate-determining
step.?? Inspired by this research, Kuo and his co-workers further correlated the pH-
dependent electroabsorption energies of adsorbed hydroxide and oxide intermediate
(OHad and Oag), with OER catalytic behavior for RuO, (110).162

Other control: Oxidation treatment for RuO2 nanoparticles could play a key role
in OER activity and stability. The thermally oxidized RuO, offered more superior
stability to the electrochemically-grown oxides, yet somewhat lower activity.1%31% A
possible explanation behind this behavior was the different density of surface defects.>
Paoli et al. revealed that as-deposited Ru particles presented better OER activity but
much easier corrosion in comparison with the RuO2 nanoparticles obtained by a thermal
oxidation process.>* Later, in 2016, Stephens’s group further compared the OER
performance of as-deposited, Oz-plasma treated and thermally oxidized Ru
nanoparticles, and found a reversed trend of activity and stability, in which the
thermally oxidized material was the most stable, followed by the plasma treated one,

and then the as-deposited one (Figure 13c-¢).1% In addition, the impact of degrees of
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hydration on OER catalytic behavior was corroborated by Lee et al.!®” The hydrous
RuO: provided higher stability and yet lower activity for OER than the corresponding

anhydrous one.
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Figure 13. a) The reference CV curve on the surface of single-crystal RuO (110) in Ar-saturated
0.1 M HCIO4 electrolytes. b) Relative Gibbs adsorption-energy diagram calculated from DFT for
the most stable adsorbate species at various electrochemical operation potential. Reproduced with
permission.?? Copyright 2017, Royal Society of Chemistry. c-e) Disk and ring current densities as
a function of applied potential between 1.0 and 1.5 V for as-deposited (c), O2-plasma treated (d)
and thermally oxidized (e) Ru nanoparticles in 0.05 M H>SO4. Reproduced with permission. 26!
Copyright 2016, Elsevier.

RuO: also offered a moderately high HER activity according to several pioneering
works.17175 The first study about applying RuO- as HER electrocatalysts was reported
by Trasatti’s group.2®® Since then, some researchers, like Chabanier et al. Burke et al.
Rochefort et al., etc,t17 further studied the HER properties of RuO: in alkaline or
acidic media, in which it had been revealed that structural transformation, namely, the
lattice expansion in rutile RuOz, took place during the HER activation process. Rosen’s

group carried out a series of in-depth X-ray diffraction (XRD) and X-ray photoelectron
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spectroscopy (XPS) investigation for fresh RuO; electrodes and that after producing
hydrogen for a different time. This study demonstrated that hydrogen evolution
triggered the structural transformation from RuO; to a new ruthenium oxyhydroxide
phase, RUO(OH): (Figure 14), and then it is over time reduced to zero-valence Ru.*"
Subsequently, Karlsson et al. re-evaluated this data from Rosen’ group.”® The XPS
results in the former study was employed to confirm the generation of a new RuO(OH)>
phase while it might be caused by carbon contamination in the surface of the electrode.
However, the overall conclusion about structural changes was nearly consistent, which
also agreed with other studies. Besides, according to a previous study from Lee and his
co-workers, the hydrous RuO2 nanoparticles for highly efficient hydrogen generation
were constructed via an aqueous-phase synthetic strategy.'®” Benefiting from the
hydrated surface structure and good conductivity, the hydrous RuO. nanoparticles
presented a low overpotential and high current densities under alkaline condition, which
was superior to the corresponding crystalline one after annealing treatment and even
better than Pt/C. Meanwhile, the obtained crystalline RuO, showed excellent OER
performance, suggesting the bifunctionality of RuO,. These findings inspired the
building of an alkaline water electrolyzer using hydrous and crystalline RuO:
nanoparticles as cathodic and anodic catalysts, respectively, and the overpotential of
273 mV without iR correction was needed to deliver the current density of 10 mAcm?,

surpassing that of the couple of Pt/C and IrO2 (~343 mV).
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Figure 14. a) XRD patterns and b) Ru 3d XPS spectra of the RuO2/Ni electrodes toward hydrogen
generation for a different time. Color: red, RuO; green, RuO(OH).. Reproduced with
permission.’ Copyright 2014, American Chemical Society.

3.2.2. RuO2-based mixed oxides. The electrocatalytic behavior of RuO, may be
often modified by forming mixed metal oxides.'?> 176-205 |n general, doping of other
metal components can tune the electronic structure of RuO2, and thus increase or
stabilize catalytic active sites, in turn improving OER or HER performance, especially
in most concerned OER stability. Therefore, in the following parts, more attention was
paid to discuss the influence of metal components incorporation in RuO2-based mixed
oxides on OER or HER activity and stability, and distinguished various as-formed
phase structures, such as a single phase or mixed phases.

Ru-Ir oxides: Ru-Ir oxides have been demonstrated to offer considerable activity
and stability toward OER.1"%-18° Especially, its dilution with stable IrO; significantly
weakened corrosion effect during the OER process.!’® 179182186 According to Kotz et

al., it was found that the corrosion rate was lowered to 4% of the original data by doping
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only a small number of IrO, (20%).17® On basis of various synthetic routes, including
sputtering, hydrolysis, Adams’ fusion method, etc,"6-181:187.188 the gbtained Ru-Ir oxide
materials generally showed a solid solution phase, in which Ir** atoms were uniformly
mixed with Ru** atoms in the RuO; crystal lattice because of a similar atomic radius
(0.077 nm for Ir** and 0.076 nm for Ru**), while sometimes the separate RuO; and IrO;
phases might be present.®9-1%2 Mamaca et al. produced the Ru-Ir oxides mixture
nanoparticles via thermal decomposition and unveiled that the presence of IrO;
undoubtedly worked against Ru dissolution to improve stability and yet increased the
overpotential compared to RuO2. Li et.al prepared the IrxRu1xO2 solid solution with
nanorods morphology and found the “best” performance for the Iro2Ruo 02 sample.t®
Further OER mechanism of IrxRu1xO> solid solution obtained by hydrolysis synthesis
was investigated by Sunde’s group.' Integrating experiment with theoretical analysis,
the pH and potential-dependent OER activity trends could be well described by
mononuclear reaction mechanism with the third or fourth step as a rate-determining
step for RuOz or IrO2, respectively. In 2017, Xing’s group successfully explored a novel
nanostructure of RuO,@Ru nanoparticles discontinuously covered by IrOz (IrO»-
RuO.@Ru) through a combined hydrolysis-pyrolysis approach.!*® Benefiting from the
large specific surface area, fast charge transfer, and the synergetic effect between IrO>
and RuO,@Ru (Figure 15a and b), the optimal IrO.-RuO@Ru (3:1) was rationalized
to be most active and stable for catalyzing water oxidation (Figure 15c and d).

Moreover, for the sake of further balancing the cost and performance (activity and

stability), a third type of inert metal was introduced into Ru-Ir oxides, such as Ta, Ce,
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Mo, and Co, etc.8 1%41% Aydichon et al. suggested that although Ce doping reduced
the total amount of active sites, the good oxygen mobility in a ceria crystal helped to
enhance the catalytic activity per active site, thereby assuring a high efficiency of such
ternary oxide toward OER.1%

Relative to Ru-Ir oxides extensively as OER electrocatalysts, they have aroused
less attention on catalyzing HER.1'8 199200 |n 2018, IrkRu1xOy nanowires after the
cathodic activation have been manifested to be quite active for hydrogen generation
(Figure 15).2%° XPS and XRD results disclosed a transformation of the surface oxides
to the metal alloy through continuous cathodic activation (Figure 15f and g), which
was mainly responsible for the enhanced HER activity with a favorable hydrogen

adsorption energy (Figure 15h).
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Figure 15. a) BET specific surface areas, b) EIS results at 1.55 V, and c) acidic OER polarization
curve of various IrO-RuO,@Ru electrocatalysts and other control samples. d) Accelerated
durability tests based on cyclic potential sweeps with different cycles for the optimal IrO,-
RuO.@Ru (3:1) sample. Reproduced with permission.*%1 Copyright 2017, Royal Society of
Chemistry. e) The first and fifth LSV curves toward HER in alkaline media for IrosRuo.20y
nanowires. f) Ir 4f and g) Ru 3d XPS results before and after cathodic activation. h) Hydrogen-
adsorption free-energy plots for HER on various catalysts surface. Reproduced with permission. %]
Copyright 2018, American Chemical Society.



Other heteroatoms-doped RuO,: Additionally, the OER activity and stability of
pristine RuO- can be greatly improved by incorporating several alien metal atoms into
rutile RuO; crystal lattice, including Cu, Zn, Sn, Fe, Co, Ni, etc.? 125:201-209 petrykin et
al. illustrated partial substitution of Ru atoms in RuO2 by Zn atoms induced a lattice
distortion, which in turn offered more active OER catalytic activity.?°2 According to
Chen’s group, Cu atoms were successfully introduced into RuO> via directly pyrolyzing
Ru-exchanged Cu-based MOF derivative.?’” Relative to undoped counterpart, the as-
designed catalyst showed remarkably enhanced OER activity in acidic electrolytes (the
low overpotential of 188 mV at a current density of 10 mA cm) and super stability.
Theoretical calculation analysis disclosed that doping low-valent Cu into RuO- led to
increased O vacancy, so as to trigger the generation of unsaturated Ru cations on the
surface, and a p-band center of O more near Fermi level was also achieved, thus
resulting in the enhanced performance. Furthermore, DFT calculations confirmed that
doping of other divalent metals, such as Ni, Co, Fe, and Mn, also enabled the shift of
adjacent O p-band center closer to Fermi level, and was expected to improve OER
performance. Nevertheless, the easy oxidation of Ni, Co, Fe, and Mn led to various
unfavorable structures. Recently, Huang’s group employed a facile wet-chemical route
to develop transition metal (M = Fe or Co or Ni)-doped RuO, networked nanowires
(NWs) as a novel electrocatalyst toward water splitting.?® They found that both OER
and HER were markedly boosted after M doping under all pH conditions, and Co-doped
RuO2> NWs possessed the highest OER activity, followed by the corresponding Ni-

doped one and then Fe-doped one, while the HER activities among them have a
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different sequence of Ni doping > Co doping > Fe doping. As evidenced from first-
principles calculations, such activity trends were originated from the balanced
adsorption free energy of the intermediates (*OH for OER and *H for HER) in
oxygen/hydrogen-evolution process, with a volcano-like relationship. Afterward, the
as-prepared Co-doped and Ni-doped RuO2 NWs efficiently functioned as anodic and
cathodic catalysts in a home-made water electrolyzer, respectively, delivering superior
activity and stability over the Ir/C-Pt/C couple under both acidic and alkaline conditions.
Apart from less cation doping, in a most recent study by Lin and his co-workers, a
MOF-derived Cr-Ru oxide solid solution material (Figure 16a) with low Ru content
(CrosRuo402) was fabricated for catalyzing oxygen generation.?® In the synthesis
procedure (Figure 16a), a small amount of RuCls was first loaded into the pores of Cr
MOF (MIL-101) via an impregnation method, and then the resulting composites were
further pyrolyzed at high temperature in air. The obtained CrosRuo4O2 exhibited
unexceptionable acidic OER performance with an ultralow overpotential of 178 mV at
10 mA cm? and long-term stability for 10000-cycles CV test or 10 h
chronopotentiometry measurement, much surpassing that of RuO, (Figure 16b and c).
According to XAS measurements and DFT calculation, the electronic state of RuO>
were profoundly modulated by Cr incorporation, rendering a lower electron density at
Ru sites, the shortened Ru-O bond length, and shifted O p-center closer to Fermi level
(Figure 16d-g), thus directly contributing to higher OER activity, while the decreased
occupation at the Fermi level was the main reason for the enhanced stability,

corresponding to the previous work. Analogous Ru-based solid solutions were also
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formed when mixing RuO2 with SnO; or TiO2 with similar structure to RuQ,,2%% 212-214
Additionally, except for the cation incorporation, Kadakia and his co-workers
demonstrated that F doping into Sno.sRuo.202 solid solution could optimize the shift of
d-band center toward RuO,, which consequently contributed to a RuOz-like OER

activity with only 20% precious metal loading.?*®
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Figure 16. a) Schematic synthesis of MOF-derived CrosRuo402 solid solution. b) LSV curves
toward OER before and after 10,000 potential cycles for as-made CrogRug402 (550) and RuO;
electrocatalysts in acidic solutions. The insert is the comparison of overpotentials at the current
density of 10 mA cm from LSV curves in b. ¢) Chronopotentiometry measurement of as-made
Cro6RU0.402 (550) and commercial RuO, samples at a static current density of 10 mA cm for 10 h.
d) XANES spectra of Ru K-edge and e) Fourier-transformed EXAFS spectra of Ru edge for Ru foil,
RuOg, and CrgsRU0.402 (550). f, g) Density of states (DOS) plots of RuO; (f) and CrsRusO1s (Q).
Reproduced with permission.?* Copyright 2019, Nature Publishing Group.



Oxides mixture: Furthermore, to enhance the stability of RuO, under OER
conditions, coupling RuO, with several inert or stable oxide components also tends to
be an appealing strategy.'8-215220 For instance, Scott’s group found that Nb,Os addition
stabilized the RuO; during the oxygen-evoluting process.??® Also, insertion of MnxOy
enables the considerable enhancement of both OER activity and stability of RuOa,
which maybe result from the disrupted RuO: crystallinity, a modification in the
electronic state of Mn, and cracked morphology.??! Recently, Kumar et al. prepared the
PdO-RuO, compound by a modified Adams fusion method, as acidic OER catalysts
with extraordinary stability for 100 h in PEM water electrolysis.??? In addition to the
above-mentioned oxides, such improved impact could be extended to other oxide
components such as Ta20s, ZrOz2, WOs, MnOx, or Co30s4, etc.17® 186, 215, 216, 218, 223-225
RuO--related oxides mixture were also verified to be efficient toward HER.?26-228 j et
al. constructed a composite electrocatalyst composed of RuO2-NiO composites nanorod
arrays morphology in suit grown on Ni foam via a facile hydrothermal approach.?’
NiO could promote water dissociation and favor the generation of hydrogen
intermediates, and such binder-free integrated structure brought about much large
surface area, fast charge transfer, and enhanced mechanical stability. Therefore, the
RuO,-NiO/Ni foam delivered an exceptional HER electrocatalytic performance.

3.2.3. RuOgy/carbon support composites. Several studies have unveiled that
integrating RuO2 with conductive carbon-related support, such as carbon nanotubes
(CNTSs), and various in-situ formed carbon matrix, could improve the OER or HER

electrocatalytic activity, and even reduce the degradation of RuO: under OER
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conditions.4125:22%-235 park et al. fabricated a unique composite catalyst of small RuO;
nanoparticles with the size of about 17 nm encapsulated in carbon substrate, and
observed their enhanced activity and stability toward OER in comparison with carbon-
free RuO2 nanoparticles.?® Yuan et al. hybridized ultrasmall RuO2 nanoparticles with
N-doped carbon framework (RuO2/N-C) by using a newfangled molecule-assisted
strategy, where 1,10-Phenanthroline (Phen) molecules, simultaneously as carbon and
nitrogen sources, can coordinate with Ru®" ions to form Ru-Phen complexes, and
through subsequent annealing in N2 atmosphere at 700 °C for 2 h, the RuO2/N-C hybrid
was obtained (Figure 17a).%® Benefiting from the space confinement impact, the RuO;
nanoparticles in the as-prepared RuO2/N-C hybrid were highly dispersed and ultrasmall
with an average size of only ~1.7 nm (Figure 17b and c), which helped to generate
more exposed active sites. Compared with pure RuO2, the RuO2/N-C catalyst offered
better OER and HER activity in 1 M KOH aqueous solution with the overpotentials of
280 and 40 mV at 10 mA cm?, respectively (Figure 17d and €). More significantly,
these activities presented negligible attenuation after 1000 cycles-CV test (Figure 17f
and g). By experimental analysis and DFT calculations (Figure 17h and i), ultrasmall
size of RuOz and high conductivity of N-doped carbon support, along with a synergy
between them from strong interaction, conjointly contributed to the above-mentioned
remarkable performance. In addition, a hybrid nanostructure of one-dimensional (1D)
RuO2 nanowires grown on carbon nitride, named as (1D-RuO2-CNy), was elaborately
designed by Barman’s group.** Based on the XRD, HR-TEM, XPS results, and some

electrochemical tests results, such as EIS and ECSA, it was concluded that strong
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coupling between 1D RuO. and CNjx support enabled favorable electron transfer, thus
leading to high activity and structural stability for OER and HER. It’s also found that
1D morphology provided numerous catalytic active sites and highly crystalline RuO-
is good for stability. Consequently, the as-obtained 1D-RuO.-CNyx exhibited superior
activity to catalyze oxygen and hydrogen release with considerable durability under a

wide range of pH conditions.
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Figure 17. a) Schematic Illustration depicting the preparation route of the RuO2/N-C hybrid. b)
TEM and ¢) HRTEM images of the RuO,/N-C catalyst. d) OER polarization curves of RuO2/N-C
and commercial RuO, in 1 M KOH solution. e) HER polarization curves of RuO2/N-C and
commercial Pt/C in 1 M KOH solution. f, g) LSV curves of the obtained RuO2/N-C sample toward
OER (f) and HER (g) for the initial one and that after 1000 cycles. h) Atomic model diagram
revealing the water electrolysis on RuO,/N-C electrocatalyst. i) Comparison of adsorption energies
of Hy, Oz, and H2O on the surface of N-C, RuO;, and RuO,/N-C samples. Reproduced with
permission.?] Copyright 2018, American Chemical Society.



3.2.4. Other Ru-based oxides. Pyrochlore or perovskite-type oxides (A2B>07 or
ABO3) have also sparked tremendous attention as OER/HER catalysts due to their
robust chemical and structural stability.?? 26-24° Besides, the partial substitution of A or
B site by other elements provided more opportunities to regulate the catalytic
behavior.?*® In particular, Y2RuOs is the most reported pyrochlore-structure material
for oxygen production, especially in acidic environment.?®2% Yang’s group first put
forward pyrochlore Y>Ru.O7 with largely enhanced OER performance in strong acidic
electrolytes over the benchmark RuO2.%” The low onset potential of around 1.42 V and
a large current density of 2.23 mA cm at 1.5 V were achieved for Y2Ru,0v, and such
prominent activity was still retained after 10000 continuous cycles (Figure 18a). By
contrast, the onset potential of RuO2 was 1.47 V, 50 mV higher than Y2Ru207, and its
current density at 1.5 V was less than one-sixth of that of Y,Ru.O7 (Figure 18a).
Moreover, a severe activity loss was obtained for RuO> after 10000 cycles (Figure 18a).
XAS data revealed that Y>Ru.O7 had a lower Ru oxidation state and a significantly
different Ru-Ru bond in comparison with RuO> (Figure 18b and c), that led to the
improved activity. As suggested by theoretical calculation results, the formation of
pyrochlore oxide could decrease the overlapped Ru 4d-orbital and O 2p-orbital band
center energy (Figure 18d-f), and thus the Ru-O bond in Y2Ru207 structure was more
stable than that in RuO2, eventually contributing to the more superior stability. Besides,
in order to further boost the oxygen-evolving performance of Y2Ru>O7 under an acidic
condition, a novel pyrochlore oxide with Ru ions being partially substituted by Y ions

and porous morphology, fabricated via using a mature sol-gel method along with
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perchloric acid as the porogen, was proposed by the same group.?® In the sol-gel
process, metal ions were mixed with citric acid (CA) chelates to obtain metal
complexation. Such complexation reaction results in the formation of three-
dimensional structures and minimizes cation segregation, so as to obtain the high purity
and excellently control the powder composition. XRD and HR-TEM analysis
confirmed the successful formation of pure pyrochlore structure, and the rich porous
structure was also observed by SEM, TEM, and BET results (Figure 18g and h). In 0.1
M perchloric acid electrolyte, the designed Y2[Ru16Y0.4]O7-5 delivered a significantly
enhanced OER activity with a low onset potential of only 1.41 V, Tafel slope of 37 mV
dec?, and high TOF of 560 s at the potential of 1.5 V, in comparison with Y,Ru,O;
and RuO; (Figure 18i). By some advanced characterization approaches, such as XAS,
they demonstrated that abundant oxygen defects with the mixed valences of Ru**>* in
this Y2[Ru16Y04]O7-5 sample gave rise to an optimal energy band structure, and
combining with the large surface area from the porous properties, resulted in the large
OER enhancement. Subsequently, Feng et al. also optimized the OER activity by partial
substitution of Zn for A-site Y in Y2Ru207.%° Noteworthily, the origin of this
enhancement is analogous to Yang’s group. Other Ru-related pyrochlore oxides, such
as Pb2Ru20e 5, Bio[Ru2xBix]O7.y, Sm2RU207, Bi24Ru1607, (Nao.33Ceo.67)2 (Ir1-xRux)207,

etc., were also reported as promising OER candidates.?4%-243
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Figure 18. a) CV curves of the 1% and 10 000" cycles of Y2Ru,07.s and RuO; for OER in strong
acid solution, in which the insert is a comparison of current densities at the applied potential of 1.5
V vs RHE. b) XANES data of Ru K-edge and c) Fourier-transformed EXAFS results of Ru edge
for Y2Ru;07.5, RuO2 and Ru foil. d, e) Computed DOS results of Ru 4d and O 2p orbitals for the
two samples of Y2Ru207.5 (d) and RuO; (e). f) Comparison of overlapped Ru 4d-band and O 2p-
band center energy and residual activity after stability test for Y2Ru207.; and RuO; catalysts,
respectively. Reproduced with permission.’>" Copyright 2017, American Chemical Society. g)
XRD patterns and h) TEM images of porous Y2[Ru16Y0.4]O7-5 obtained at room temperature. i) CV
curves toward OER for porous Y2[Rui16Y04]O7-5, Y2RU207.5 and RuQO; electrocatalysts in Oa-
saturated 0.1 M HCIO.. Insert displayed the comparison of the corresponding TOFs of these samples
at the overpotential of 0.27 V. Reproduced with permission.[?*81 Copyright 2018, Wiley-VCH.

In 2014, according to Chang et al., different oriented SrRuOs thin films were
constructed as OER electrocatalysts in alkaline solution.?* The experimental results
disclosed that the OER activities increased in the sequence of (001) < (110) < (111),
inversely proportional to their stability. Such activity and stability results were
dominated by the transformation of stable but inactive Ru** to unstable but active

Ru™** which was induced by the OER operating potential. Later, Akbashev and his co-

100

Retained OER activity (%)
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workers designed a perovskite heterostructure with an ultrathin SrRuO3 layer covered
with an ultrathin SrTiOs layer. It was found that the OER-insert SrTiOs was activated
by such little SrRuOs (one unit cell) and the ultrathin SrTiOs (two unit cells) helped to
suppress corrosion of OER-active SrRuQ3.2*4 A while ago, our group also demonstrated
that layered Ruddlesden-Popper oxide, SroRuOs, is highly efficient for HER in alkaline
solution.?® To drive the 10 mA cm™, it needed a low overpotential of only 61 mV, which
was significantly smaller than that of perovskite-type SrRuOs (101 mV) and RuO2 (95
mV) samples. More significantly, relative to RuO2, the TOF value for SrRuO3z exhibited
more than a 10-fold improvement. On basis of theoretical and experimental analyses,
such superior performance was possibly due to a synergy between the rock-salt layer
and perovskite layer in this unusual layered structure, where water dissociation was first
accelerated by the SrO-terminated surface in the former, and subsequently the apical
oxygen site in the latter promoted favorable H intermediate adsorption and Hz evolution.

Very recently, hexagonal ruthenate nanosheets were synthesized by exfoliating the
proton exchanged NaRuO2.2*” From representative TEM images in Figure 19c,
translucent nanosheets were observed, indicating the ultrathin thickness. When
employing such nanosheets as OER electrocatalysts in acidic medium, it manifested
significant activities with a small overpotential of ~255 mV and Tafel slope of 38 mV
dec? as well as the robustness in the harsh environment, outperforming the rutile-
structure RuO; (Figure 19a and b). Moreover, no obvious oxidation and morphology
change occurred after a prolonged stability test. Further DFT calculations corroborated

that the edges of nanosheets were the highly active region for OER (Figure 19d and e).
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Figure 19. a) OER polarization curves and the corresponding Tafel plots (insert), and b)
chronopotentiometry durability tests and mass activity (insert) of hexagonal ruthenate nanosheets
and rutile-structure RuO2 in 0.1 M HCIO4 electrolytes. ¢) The TEM image of the ultrathin nanosheet.
d) Free energy diagram of the overall OER pathways at the 3f site of the ruthenate nanosheet surface
and e) at the Rucys Site of the ruthenate nanosheet edge. Reproduced with permission.?*”] Copyright
2019, Wiley-VCH.

3.3. Ru phosphides, sulfides, or selenides

3.3.1. Ru phosphides. Owing to the analogous operation mechanism between the
hydrodesulfurization (HDS) reaction and HER, transition metal phosphides (TMPs),
which were highly efficient for HDS, have attracted a considerable attention in
electrocatalytic hydrogen generation recently.® Pioneering works have demonstrated
that cobalt phosphides (CoPy), nickel phosphides (NiPx), iron phosphides (FePx),
molybdenum phosphides (MoPy), etc, showed the excellent HER catalytic behavior,
but they were far from satisfactory when comparing with the state-of-art Pt/C.16 248-250
In particular, in recent three years, ruthenium phosphides (RuPx), a novel material for
HER, has been widely investigated, which offered a Pt-like or even Pt-outperformed

performance in the aqueous solutions with almost all pH values. 3% 251-2%3
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In 2017, Mu’s group first corroborated that a RuP»-based composite was an
extremely active and pH-universal HER electrocatalyst.?®! In this study, RuP;
nanoparticles encapsulated by N, P co-doped carbon (RuP.@NPC) were fabricated by
facile one-pot pyrolysis with phytic acid (PA), melamine, and ruthenium chloride as
precursors. Figure 20a describes the synthetic procedure, where RUPA complexes were
first formed via cross-linking PA and ruthenium ions, and then were annealed with
melamine at 900°C for 2 h under an inert atmosphere. When working as an
electrocatalyst for hydrogen production, this composite presented a Pt-like activity,
delivering the current density of 10 mA cm™ at the low overpotentials of 38, 52, and 57
mV in acidic, alkaline and neutral media, respectively (Figure 20b-d). Besides, superior
stability was also demonstrated with unobservable activity loss after 2000 cyclic
voltammetry measurements. Other ruthenium phosphides phases, such as RuP and
RuP, also showed the remarkable HER performance.3® 2°3-2 For instance, our group
designed the RuP nanoparticles by a low-temperature phosphatization strategy and
identified it as a super HER electrocatalyst in a wide range of pH.* Of note, it was
found that large RuP nanoparticles offered surprisingly higher intrinsic activity and
stability than the small one, which could be attributed to the stabilization of P species
because of the lowered surface energy for large particles. Liu et al. reported the
preparation of ultrafine Ru-P nanoparticles loaded on reduced graphene oxide
nanosheets and described their HER performance in both 1 M KOH and 0.5 m H2SO4
electrolytes.?®* To evaluate the effects of P atomic amount in RuPx on the HER catalytic

behavior, several researchers controllably produced morphologically equivalent RuP
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and RuP, samples, and all of them found that RuP performed better than RuP2.2% 2%
Chang et al. proposed that such enhancement was due to higher conductivity and more
catalytically active sites in RuP relative to RuP2, while, by applying theory calculation,
Ge et al. confirmed that RuP with a higher charge density at the Ru site was more
favorable for the H chemisorption, so as to display higher HER activity than RuP,.2%
257 Furthermore, some mixed RuPx phases were also developed as highly efficient HER
catalysts. Chi and his co-workers introduced a composite of Ru-P and RuP2 mixture
wrapped in N, P dual-doped carbon nanospheres (RuPx@NPC).2*® According to TEM
images, the as-obtained sample had a core-shell hollow structure with an ultrathin
carbon layer, of only about 30 nm, and ultrasmall RuPx nanoparticles with an average
diameter of ~ 4 nm were homogeneously distributed on carbon matrix. Such structure
provided a large surface area, inhibited aggregation and stack of ultrafine RuPx
nanoparticles, and regulated electronic structure, thereby leading to outstanding HER

performance.
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Figure 20. a) The schematic synthesis route of RuP,@NPC catalyst. b-d) LSV curves of
RuP.@NPC and other control samples for HER in 0.5 M H,SO4 (b), 1 M PBS (c), and 1 M KOH
(d) aqueous solution. Reproduced with permission.?5* Copyright 2017, Wiley-VCH.

3.3.2. Ru sulfides and selenides. Furthermore, several ruthenium chalcogenides
(RuSx or RuSey) have been also explored as promising HER electrocatalysts.?® 260 For
example, Wang et al. created a hybrid of crystalline Ruo33Se nanoparticles deposited
on TiO2 nanotube arrays (Ruo.33Se/TNA), which offered extraordinary HER
electrocatalytic activity in alkaline solution, yielding a current density of 10 mA cm
at a small overpotential of 57 mV.2%° Our group successfully synthesized spherical RuS:
on S-doped reduced graphene oxide (s-RuS2/S-rGO) with remarkable HER

performance in all-pH conditions by using a facile solvothermal process and subsequent
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low-temperature heat treatment.?%° Especially, the s-RuS,/S-rGO hybrid exhibited a
low overpotential of 25 mV to reach 10 mA cm and a small Tafel slope of 29 mV dec”
! as well as robust 100-h stability in 1 M KOH electrolyte. To unveil the intrinsic
origins for such superior alkaline HER activity, the HER reaction pathways on both
RuS> and benchmark Pt were studied via using DFT calculations. According to these
results, RuS, showed a comparable water dissociation ability and adsorption free
energy of hydrogen intermediates (AGn+) to Pt, confirming its excellent activity toward
HER. Besides, Further hybridization with carbon substrate enabled s-RuS,/S-rGO with
the increased surface area, improved charge transport, and a strong coupling effect
between RuS; and S-rGO, thus greatly promoting the HER catalytic activity. Apart
from Ru phosphides, sulfides and selenides, a recent work by Li et al. compared the
HER activities among different metal diborides (MB:), and demonstrated RuB: as the
most active one among them due to a suitable d-band center and a large density of
efficient active centers .2
3.4. Other Ru-related derivative catalysts

3.4.1. Ru dopants. Ruthenium (Ru), as heteroatom dopants, have been introduced
into many host materials, such as NiFe-layered double hydroxide (NiFe-LDH), nickel
phosphide (Ni2P), molybdenum carbide (Mo.C), titanium dioxide (TiOz), iridium oxide
(IrO2) etc.?6%2% Driven by the chemical synergism between the Ru dopant and host
compound, some chemical properties and electronic structures for the original materials
are engineered and optimized, thereby which are promising to show the enhanced

electrocatalytic activity toward OER or HER. Liyanage and his co-workers confirmed
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that doping Ru atoms into Ni2P could activate the electron of Ni and accelerate the
oxidation of Ni, so as to lower the OER Kinetic reaction barrier, eventually enhancing
the OER activity of Ni,P.?%4 Chen et al. found that the incorporation of Ru into NiFe-
LDH might promote the electrochemical hydrogen production in 1 M KOH electrolyte,
substantially reducing the overpotential from 188 mV to 29 mV at a current density of
10 mA cm?, which also outperformed that of Pt/C and most of the as-reported
electrocatalysts (Figure 21a and b).?%? According to control experiments and DFT
calculations, such enhancement should be ascribed to the decrease of water dissociation
energy barrier in the Volmer step after Ru introduction (Figure 21c and d), thereby
accelerating its HER process. Besides, due to the remained high OER performance after
Ru doping from NiFe-LDH, the obtained NiFeRu-LDH was simultaneously utilized as
both anodic and cathodic catalysts in an alkaline electrolyzer, which offer the small cell
voltage of 1.52 V to attain 10 mA cm, much superior to the benchmark couple of Pt/C
and Ir/C (Figure 21e). Nong et al. further prepared the Ru-doped TiO> via a one-step
corroding route with perovskite SrTi1xRuxOs as the precursor.?®® Based on physical
characterizations like X-ray photoelectron spectroscopy (XPS) and electron
paramagnetic resonance spectroscopy (EPR), it was the first time to observe that the Ru
ion was pentavalent while partial Ti received one electron from Ru and became Ti* in
the Ru-doped TiO2 sample, and such electron structure brought about the appropriate
Gibbs free energies for hydrogen adsorption in an HER process, thus achieving better

HER performance relative to undoped counterpart.
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3.4.2. Ru-based molecule metallopolymer. Last but not least, some researchers
also have reported Ru metal-organic molecule polymers as promising OER or HER
catalysts and proposed that the structural and electronic properties of the metal active
sites can be effectively tuned by various organic ligands.2%2* In 2009, Yoshida et al.
found that [Ru(tmtacn)(R:bpy)(OH2)]** (tmtacn =  1,4,7-trimethyl-1,4,7-
triazacyclononane; Robpy = 4,4’-disubstituted-2,2’-bipyridines, R=H, Me, and OMe)
was active toward OER, and R2bpy with stronger electron-donating ability lead to a
superior O2-evolving activity.?’® Such molecule chemistry not only reduce the usage of
Ru metal but also offer more possibilities for the stabilization of Ru metal. Millet’s
group developed two different ruthenium-based molecular complexes of
[Ru(tpy)(bpy)(OH)] (tpy was 2,2’-6°,2”’-terpyridine and bpy was 2,2’-bipyridine) and
[Ru(tpy)(bpm)(OH)] (bpm was 2,2’-bipyrimidine) (Figure 21f) as acidic OER
electrocatalysts. They exhibited a significant electrochemical activity and sustained
sufficient stability under highly oxidative conditions.?’* For hydrogen-generating
behavior, Udachyan et al. reported the synthesis of thin film Ru ions involving triazine-
trithiolate polymers chemically bounded on the copper substrate.?’? When being
regarded as HER electrocatalysts in acidic electrolytes, this metallopolymer presented
excellent activity, such as low overpotential of around 150 mV to reach 10 mA cm?,
high exchange current density, and large double-layer capacitance, along with long-
term stability. Such high HER performance could be mainly ascribed to the protonation

ability of redox active Ru metal centers and the uncoordinated ligand centers (N and S).
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Figure 21. a) HER polarization curves of NiFeRu-LDH, NiFe-LDH, Ni foam, and benchmark Pt/C
in alkaline solution. b) Comparison of overpotentials at 10 mA cm™ and Tafel slopes for the
designed NiFeRu-LDH and many reported state-of-the-art catalysts toward HER in 1 M KOH. ¢)
Computed free energies of H.O adsorption, H>O activation, OH intermediate adsorption, and H
intermediate adsorption on NiFe-LDH and NiFeRu-LDH surface. d) Comparison of adsorption free-
energy diagrams for the first water-splitting step (Volmer) on the surface of NiFeRu-LDH and NiFe-
LDH. e) Overall water-splitting activity based on LSV curves for NiFeRu-LDH and Ir/C-Pt/C, and
Chronopotentiometry tests of NiFeRu-LDH electrocatalysts at the current density of 10 mA cm
over 10 h. Reproduced with permission.?621 Copyright 2018, Wiley-VCH. f) Chemical structure of
[Ru(tpy)(bpy)(OH)] (left) and [Ru(tpy)(bpm)(OH)] (right). Reproduced with permission.27!]
Copyright 2013, Elsevier.

4. EVALUATING THE OVERALL WATER SPLITTING OF RU-BASED

ELECTROCATALYSTS WITH OTHERS



According to the above-mentioned discussion, numerous Ru-based electrocatalysts

with bifunctionality have been explored and demonstrated their outstanding overall

catalytic behavior toward water electrolysis, as summarized in Table 3, most of which

are obviously superior to that of various other representative bifunctional materials for

overall water splitting in Table 4. Especially, the cell voltage to achieve a current

density of 10 mA cm in the water-splitting electrolyzer, and the operating stability

including chronoamperometry or chronopotentiometry were compared.

Table 3 Summary of representative Ru-based electrocatalysts toward overall water splitting.

Materials Electrolytes Loading Overall voltage (V) at Stability (VormA  Reference
(Cathode-Anode) (mg cm™) 10 mA cm™ cm?@h)
Ru nanosheet-RuO; nanosheet 0.5 M H2SO4 Not given 1.53 1.53 V @ 7000s [20]
RuzNi; SNs 1 M KOH 3 1.45@ onset potential 10 mA cm™ @40h [124]
S-400-H 1 M KOH 0.285 1.47 1.475V @~11.1h [125]
Ru-HPC-p-RuO» 1 M KOH 0.4 1.53 1.7V @2h [137]
hydrous RuO,-crystalline 1 M KOH 0.52 1.503 Not given [167]
RuO»
IrO2-RuO@Ru (3:1)-Pt/C 0.5 M H2S04 1 1.489 Not given [193]
Ni-doped RuO, NWs-Co- 0.5 M H2S04 Not given 1.537 1.537V @12h [28]
doped RuO; NWs
1 M KOH Not given 1.542 1.542V @12h
1D-Ru0,-CNy 1 M KOH Not given 1.59@ 20 mA cm™ 1.53 V @3h [14]
RuO,/N-C 1 M KOH 0.5 1.507 1.55V @12h [233]
L-RP/C-L-RO/C 1 M KOH 8 1.49 10 mA cm™ @50h [30]
s-RuS»/S-rGO- RuO,/C 1 M KOH 5 1.54@ 20 mA cm™ 20 mA cm™ @24h [260]
NiFeRu-LDH 1 M KOH Not given 1.52 10 mA cm™ @10h [262]
Table 4 Summary of other representative bifunctional electrocatalysts toward overall water
splitting.

Materials Electrolytes Loading (mg Overall voltage Stability (V or mA Reference

(Cathode-Anode) cm?) (V)at 10mAcm?  cm?@h)

CoP@a-CoOx plate/C 1 M KOH 5 1.66 10 mA cm™ @30h [16]

Pt/C-1rO,/C 1.59

Pt-CoS,/CC 1 M KOH Not given 1.55 10 mA cm™ @20h [275]

Pt-NiFe LDH-ht 1 M KOH 0.205 1.505 20 mA cm™ @8h [276]

IrsAgoNTs/C 0.5 M H2SO4 13.3 pgir cm? 1.55 5 mA cm™ @30h [277]

IrW/C 0.5 M H,S04 30 pgir cm’™ 1.48 10 mA cm™ @8h [278]




potential
1 M PBS 1.55 @ onset Not given
potential
SNCF-NRs 1 M KOH 3 1.68 10 mA cm™ @ 30h
FeNi3N/NF 1 M KOH Not given 1.62 10 mA cm™ @ 400h
Ir/MoS,/CF 1 M KOH Not given 1.57 Not given
CosSes 1 M KOH 2.6 1.59 100 mA cm? @28h
FeB; 1 M KOH Not given 1.57 10 mA cm™ @24h
C00.9S0.58P0.42 1 M KOH Not given 1.59 10 mA cm™ @ 10h
MoP/NF 1 M KOH Not given 1.62 10 mA cm™ @20h
Ni/Mo2.C-PC 1 M KOH 2 1.66 1.74 V @ 10h

1 M KOH 1.50 @ onset Not given

[279]
[280]
[281]
[282]
[283]
[284]
[285]
[286]

5. CONCLUSION AND PROSPECTIVE

Overall, this review highlights the recent advances of some major kinds of Ru-related
materials toward OER, HER, or overall water electrolysis in pH-universal electrolytes.
Tables 1, 2, and 3 compare their electrocatalytic performance. RuO2, due to the optimal
bonding force to oxygen intermediate species, has been regarded as the most active
OER catalysts in both alkaline and acidic electrolytes. However, owing to dissolution
from the excessive oxidation at a high overpotential of above 1.4 V during the OER
process, RuO> was extremely unstable. Currently, many traditional metal-based oxides
or hydroxides with low cost and abundant reserves, such as perovskite oxides, NiFe
hydroxides, etc., offered super OER activity and stability in alkaline solutions, which
was totally comparable to or even superior to RuO2. Thus, considering both the
performance and economy at the same time, RuO», as the alkaline OER electrocatalysts,
may not be the best choice. Nevertheless, in acidic solutions, the development of
traditional metal-based electrocatalysts was largely limited by acid-dissolution
properties, and thus the excellent OER electrocatalysts in acidic media still relied on

few acid-resisting Ru or Ir-based noble metals. Although RuO suffered from unstable



issues, the stability and activity could be further largely enhanced on the basis of further
structure optimization and design for RuOz, which were extensively reported in many
studies. Therefore, RuO2-based materials as acidic OER catalysts can be regarded as a
good choice. When referring to metallic Ru, it shows greater potential in hydrogen
generation in the electrolytes with a wide pH range. Previous DFT results have revealed
pure Ru metal has a moderate hydrogen-adsorption free energy value (slightly larger
than that of benchmark Pt), suggesting the outstanding HER performance in acidic
media. However, in alkaline electrolytes, the dissociation of water first occurred in the
HER process, and thus the overall alkaline HER was significantly affected by the
difficult cleavage of H-OH bonds. According to the previous study, the pure Ru metal
has a lower water dissociation free energy barrier in comparison with Pt, indicating the
superiority of Ru metal toward alkaline HER. Besides, more significantly, most of HER
catalysts only perform well in acidic media due to the limitation of difficult water
dissociation. Thus, in a word, Ru is a good choice in pH-universal electrolytes.
Furthermore, through various tuning methods to optimize the electronic structure of Ru,
including phase and morphology control, doping, building hybrids, forming phosphides
or sulfide, etc., the HER performance can be significantly improved. In the main part,
we pay more attention to these proposed guidance and design strategies for developing
highly efficient electrocatalysts and optimizing electrocatalytic performance. With
different synthetic routes, diversified morphologies with a large specific area (eg.
nanorods, nanosheets, nanofilm, nanoparticles with various sizes, mesoporous structure,

etc.) were obtained, thereby augmenting catalytic active sites. The phase structure, like



hcp Ru and fcc Ru, as well as amorphous form, or crystal facets and thermal treatment
ways were also tuned to optimize HER and OER activity, respectively. Besides,
introducing alien metal atoms like Ir, Pt, Co, Ni, Mo, Cu, Sn, etc. into Ru metal and
RuO., or Ru as dopants, incorporated into other host matrixes (eg. Mo2C, TiO2, Ni2P,
MoS;, etc.) could modulate the lattice parameters and electronic structure, so as to
aggrandize their catalytic properties. Furthermore, the constructed hybrid structures by
assembling Ru/RuQO2 with another component can strengthen the catalytic behavior
(activity or stability) owing to the synergy between the coupling components. Among
them, several bifunctional heterostructures catalysts toward efficient OER and HER
enable the simple fabrication of a water electrolyzer system. Integration with
conductive carbon substrates can lead to satisfied conductivity and inhibit metal
aggregation, offering more exposed active sites. Despite the universality of these
strategies in improving both OER and HER activity, it should be noted that pure Ru or
RuO: could be easily oxidized to soluble RuO4 under OER condition and thus was
extremely unstable. Accordingly, in order to alleviate this issue, these above-mentioned
modulation methods for OER were applied to slow down Ru dissolution and enhance
stability. Pyrochlore-type oxides are demonstrated to be highly stable for OER. Last
but not the least, in recent years, lots of novel materials based on Ru phosphides,
sulfides, selenides, borides or metal-organic molecule polymers show promising
applications in catalyzing OER/HER due to special Ru active centers.

Despite such significant progress, several challenges for the field are still available,

and there is still a big room for flourishing, as outlined below. (1) Expected bifunctional



catalytic behavior. Typically, Ru oxides-based materials have been intensively
exploited as OER catalysts, while Ru metal or Ru phosphides, sulfides and selenides-
related catalysts have greater potential in hydrogen generation. Only very limited Ru-
involving materials can efficiently catalyze both OER and HER at the same time, and
ideal bifunctional electrocatalysts are still yet to be achieved. Thus, to simplify
construction of an electrolyzer and reduce its manufacturing costs, more efforts are still
needed to develop bifunctional electrocatalysts toward both OER and HER, for instance
fabricating more composites via integrating different OER-active components with
HER-active materials or exploring more novel regulation strategies to activate the other
relatively inert reaction (eg. HER for RuO2, OER for RuP, RusS,, etc.), eventually
realizing bifunctionality. (2) Stability issues. Apart from activity, stability is another
crucial requirement for practical applications. For Ru oxides or Ru metal, numerous
works have demonstrated their improved stability during the OER process, but they are
still far from sufficient. Therefore, a further thorough understanding of the activity
degradation via exploiting multiple novel and combined techniques is highly urgent,
which would give a scientific guideline for the design of efficient and durable
electrocatalysts. Especially, the optimization of pyrochlore or perovskite-type oxides
offered more possibilities due to their flexible and robust structure. (3) Advanced
Characterization techniques. Though extensive Ru-based materials have been reported
as good OER or HER catalysts, in-depth identification of the underlying mechanism
including the authentic catalytic active sites, dopant interactions, and the synergistic

effect between different components is still lacking, which is a challenging task.



Therefore, the development of some advanced in-situ techniques such as Operando X-
ray absorption spectroscopy (XAFS), in-situ XRD, TEM, and Raman, etc. is necessary
to detect the real-time and atomic-level changes of the valence state, structure,
composite, morphology, defects, etc., consequently revealing the real active sites and
intermediates, and deepening the understanding about the role of each component in
these materials. In such in-situ techniques, particularly XAFS analysis offer a suitable
investigation means, which is able to capture the dynamic electronic structure and local
coordination environment of the catalyst during the reaction. Additionally, closely
linking the experimental works with the mathematical efforts based on the first-
principles density functional theory (DFT) calculations will better unveil the
electrochemical process in Ru-based materials. (4) Wide pH applicability. Despite that
Ru-based catalysts are mostly applicable to a broad range of pH for separated OER or
HER, to date, almost all known Ru-related materials for HER-OER bifunctional
catalysis are commonly operated in alkaline or acidic (PEM) electrolyzers.
Nevertheless, such electrolyzers were restrained by plenty of inherent drawbacks, such
as relatively high energy consumption, expensive installation/maintenance, severe
causticity, etc. In order to avoid these problems, neutral electrolytes are more desirable.
Consequently, exploring effective and stable catalysts in neutral media should be
actively pursued. (5) Highly desired practical application: To push these
electrocatalysts toward industrial applications in practical water electrolysis, aside from
aforementioned aspects, several other significant breakthroughs are also of vital need,

including: further minimizing the noble Ru loading while keeping perfect water-



splitting behavior; developing a scalable and simple electrocatalyst synthetic approach
to enable mass production; and constructing free-standing catalysts with 3D
hierarchical structure, which gets rid of obstacle of the binder on charge transfer and
brings about more active sites.

In a word, along with the continuous development and inputs in material science
and thorough comprehending of Ru-related materials and even others, we believe more
significant opportunities for many efficient electrocatalysts and their commercial
utilization in energy-related systems will certainly be provided on a larger scale in the

coming future.
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